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The saddest aspect of life right now is that science gathers 
knowledge faster than society gathers wisdom. 

Isaac Asimov 

  



Preface 

iv 
 

  



Preface 

v 
 

 

Table of contents 
 

Table of contents ..................................................................................................... v 

List of symbols and abbreviations ...................................................................... ix 

CHAPTER I: Why the Direct Borohydride Fuel Cell ........................ 1 

I.1 Global warming and climate change ........................................................... 3 

 Emission of greenhouse gases by energy and transportation sectors ........ 4 

 Consequences of the global warming ................................................................... 6 

 Renewable energy and technological locks......................................................... 7 

I.2 Hydrogen: a major energy vector............................................................... 11 

 Is hydrogen really a green fuel? ........................................................................... 12 

 Storage and transportation of hydrogen ............................................................ 13 

I.3 Development of fuel cells ............................................................................. 15 

 Stationary applications ............................................................................................ 16 

 Transport application ............................................................................................... 17 

 Towards portable and mobile systems ............................................................... 19 

I.4 The Direct Borohydride Fuel Cell .............................................................. 20 

 Borohydride as a fuel ............................................................................................... 20 

I.4.1.1 Production of borohydride ........................................................................... 21 

I.4.1.2 Properties of borohydride ............................................................................. 22 

 Operation principles of a DBFC ............................................................................ 24 

I.4.2.1 Anode materials ............................................................................................... 27 

I.4.2.2 Cathode materials ............................................................................................ 29 

I.4.2.3 Different membrane configurations .......................................................... 29 

I.5 Conclusion and context and objectives of the PhD ............................... 31 

CHAPTER II: Materials and methods .................................................. 35 

II.1 Electrochemical measurements .................................................................. 37 

 Rotating Disk Electrode in alkaline medium .................................................... 37 

 Electrodes and catalyst inks preparation ........................................................... 40 



Preface 

vi 
 

II.1.2.1 Bulk polycrystalline electrodes ................................................................... 40 

II.1.2.2 Nanoparticles ink preparation and deposition ....................................... 40 

 Rotating Ring-Disk Electrode ................................................................................ 41 

II.2 Metallic nickel catalyst preparation ......................................................... 43 

 Nickel nanoparticles electrodeposition on carbon support .......................... 43 

 Electrochemical Surface Area Determination .................................................. 44 

 Intentional oxidation of Ni surfaces .................................................................... 46 

 Surface treatments on 3D structured Ni supports ........................................... 47 

II.2.4.1 Hydrogen reduction treatment .................................................................... 47 

II.2.4.2 Acid Etching procedures ............................................................................... 47 

II.2.4.3 Ni electrodeposition on etched Ni support .............................................. 49 

II.3 Characterization techniques ....................................................................... 49 

 Microscopy methods ................................................................................................. 49 

II.3.1.1 Transmission Electron Microscopy ............................................................ 49 

II.3.1.2 Scanning Electron Microscopy .................................................................... 50 

 Structural and compositional characterization ................................................ 51 

II.3.2.1 X-Ray Energy Dispersive Spectroscopy ................................................... 51 

II.3.2.2 X-Ray Diffraction Spectroscopy .................................................................. 54 

II.3.2.3 Inductively coupled plasma atomic emission spectrometry .............. 55 

 Coupled spectroscopic methods ............................................................................ 56 

II.3.3.1 Differential Electrochemical Mass Spectrometry .................................. 56 

II.3.3.2 In situ Fourier Transform Infra-Red spectroscopy ................................ 59 

II.4 Fuel Cell tests .................................................................................................. 61 

 Anode preparation .................................................................................................... 61 

II.4.1.1 NiED/GDE anode elaboration procedure ................................................... 61 

II.4.1.2 NiED-based anodes elaboration using Ni support................................... 62 

II.4.1.3 Pt/GDL anode elaboration............................................................................. 63 

II.4.1.4 Preparation of the SEBS55 polymer and deposition on Ni-based 

anodes. 63 

 Unit Direct Borohydride Fuel Cell characteristics .......................................... 64 

II.4.2.1 BH4-/O2 DBFC setup........................................................................................ 64 

II.4.2.2 BH4-/H2O2 DBFC setup .................................................................................. 65 



Preface 

vii 
 

II.5 Computational methods ............................................................................... 67 

 Density Functional Theory calculations ............................................................ 67 

 Microkinetic model calculations ........................................................................... 67 

CHAPTER III: BOR mechanism on noble and model surfaces ....... 73 

III.1 Current understanding of the BOR on Pt electrodes ............................ 75 

III.2 Influence of the NaBH4 concentration on the reactions pathway ..... 79 

 Poisoning effects of surface at different borohydride concentration ....... 79 

 Existence of additional reaction pathways ........................................................ 88 

III.2.2.1 Hydrogen escape at different borohydride concentrations ............... 88 

III.2.2.2 Detection of BH3OH- species using RRDE ............................................... 92 

III.2.2.3 Adapting the proposed BOR model ........................................................... 98 

III.3 Towards a kinetic model of the BOR on Pd surfaces .......................... 103 

 BOR on Pd: Differences with Pt and Au .......................................................... 103 

 Tentative explanation of the BOR mechanism on Pd .................................. 109 

 The effect of Pd structure modification ............................................................ 111 

III.4 Conclusion and moving to non-noble BOR catalysts ......................... 121 

CHAPTER IV: Towards efficient Ni based BOR catalysts .............. 125 

IV.1 Importance of the state of surface of Ni ................................................. 127 

 Electrochemical behavior of Ni in alkaline medium .................................... 127 

 Activity of polycrystalline Ni for the BOR ...................................................... 134 

IV.2 Bimetallic “NixM” BOR catalysts .............................................................. 141 

 BOR activity of NixM catalysts ............................................................................ 142 

 Is there an effect of the co-element? ................................................................. 146 

IV.3 Metallic NiED/C: the best BOR catalysts? ................................................ 149 

 Electrodeposited Ni nanoparticles for BOR .................................................... 149 

 BOR activity compared to most used catalysts .............................................. 156 

IV.4 Tentative BOR mechanism on Ni ............................................................. 159 

 RDE and RRDE measurements ............................................................................ 159 

 Coupled spectroscopic characterization on metallic Ni .............................. 161 

IV.4.2.1 Hydrogen escape measurements using DEMS ..................................... 162 

IV.4.2.2 Fourier Transform Infra-Red spectroscopy ........................................... 165 

 Computational modelling by DFT and Kinetic simulation of the BOR .. 167 



Preface 

viii 
 

IV.4.3.1 Binding energy of intermediate species by DFT calculations ..........167 

IV.4.3.2 Kinetic simulation of the BOR on metallic Ni ......................................169 

IV.5 Conclusions ................................................................................................... 173 

CHAPTER V: Integration of Ni electrodes and optimization of 
DBFC parameters ...................................................................................... 175 

V.1 Elaboration of NiED/C anodes .................................................................... 177 

 Upscaling the NiED/C electrodes .........................................................................177 

V.1.1.1 Adapting the electrodeposition procedure ............................................177 

V.1.1.2 DBFC performance using NiED/GDE anodes .........................................182 

 Stability of NiED/GDE anode in DBFC conditions .........................................186 

V.2 Optimization of the anode properties ..................................................... 192 

 Towards open nickel structures as NiED support ..........................................192 

V.2.1.1 Nickel structure characterization .............................................................192 

V.2.1.2 Tuning of the state of surface of the NFM and NFT. ..........................195 

V.2.1.3 Nickel nanoparticle electrodeposition on etched Ni felt ...................199 

 DBFC tests using NiED/eNFT anodes .................................................................201 

V.3 Improving the DBFC system ..................................................................... 204 

 Integration of bipolar interfaces with Ni-based anodes ..............................204 

 Towards efficient anion exchange DBFCs .......................................................209 

V.3.2.1 Investigating anion exchange membranes ............................................210 

V.3.2.2 DBFC tests using only non-noble catalysts ...........................................212 

V.4 Conclusions ................................................................................................... 214 

GENERAL CONCLUSION & PERSPECTIVES ............................................... 219 

REFERENCES ....................................................................................................... 225 

List of Figures ....................................................................................................... 259 

 

  



Preface 

ix 
 

List of symbols and abbreviations 
 

List of symbols: 

A Geometric Surface Area 

C  Concentration (mol.L-1) 

D Diffusion coefficient (cm².s-1) 

E Potential (V vs Reference) 

E° Standard potential (V vs SHE) 

F Faraday constant (~96485 C.mol-1) 

I Current (mA or A) 

j Current density (mA.cm-2 or A.cm-2) 

l Catalysts loading (µg.cm-2) 

m Mass (g) 

M Molar mass (g.mol-1) 

n Number of exchanged electrons 

ν Kinematic viscosity of the electrolyte (cm².s-1) 

P Power density (mW.cm-2) 

S Surface area (cm²) 

T Temperature (°C or K) 

t Time (s or h) 

V Volume (L or m3) 

vs Scanning rate (mV.s-1) 

ω Rotation rate (rpm) 

 

List of abbreviations: 

AFC Alkaline Fuel Cell 

AE Acid Etching 



Preface 

x 
 

AEM Anion Exchange Membrane 

AEI Anion Exchange Ionomer 

AST Accelerated Stress Test 

BOR Borohydride Oxidation Reaction 

BHR Borohydride Hydrolysis Reaction 

CCM Catalyst Coated Membrane 

CA Chronoamperometry 

CE Counter electrode 

CEM Cation Exchange Membrane 

CEI Cation Exchange Ionomer 

CV Cyclic Voltammetry  

DBFC Direct Borohydride Fuel Cell 

DEMS Differential Electrochemical Mass Spectrometry 

DFT Density Functional Theory 

DLFAFC Direct Liquid Fed AFC 

ECSA Electrochemical Surface Area 

ED Electrodeposition / Electrodeposited 

EDS Energy Dispersive Spectroscopy 

FC Fuel Cell 

FCEV Fuel Cell Electric Vehicle 

FTIRS Fourier Transform Infra-Red Spectroscopy 

GC Glassy Carbon 

GDL Gas Diffusion Layer 

GDE Gas Diffusion Electrode 

GHG Greenhous Gas 

HER Hydrogen Evolution Reaction 

HOR Hydrogen Oxidation Reaction 



Preface 

xi 
 

KL Koutecký-Levich (plots) 

NFM Nickel Foam 

NFT Nickel Felt 

NP Nanoparticles 

OCP Open Circuit Potential 

OCV Open Circuit Voltage 

OER Oxygen Evolution Reaction 

ORR Oxygen Reduction Reaction 

PEMFC Proton Exchange Membrane Fuel Cell 

PTCFE Polychlorotrifluoroethylene (Kel-F®) 

PTFE Polytetrafluoroethylene (Teflon®) 

RDE Rotating Disk Electrode  

RHE Reversible Hydrogen Electrode 

RRDE Rotating Ring-Disk Electrode 

SEM Scanning Electron Microscopy 

TEM Transmission Electron Microscopy 

WE Working electrode 

XRD X-Ray Diffraction 

 

  



Preface 

xii 
 

  



Chapter I: Why the Direct Borohydride Fuel Cell 

 

1 
 

 

 

 

 

CHAPTER I: Why the Direct Borohydride 

Fuel Cell 

  



Chapter I: Why the Direct Borohydride Fuel Cell 

 

2 
 

  



Chapter I: Why the Direct Borohydride Fuel Cell 

 

3 
 

The first chapter of this manuscript is devoted to a brief literature review of the current 

ecological and economic situation we are facing. First of all, the causes and 

consequences of the global warming will be identified, and a possible solution to 

dampen this global issue through the use of renewable energies and hydrogen as an 

energetic vector will be presented. Then, the Direct Borohydride Fuel Cell (DBFC) will 

be presented as a potential technology for portable and mobile applications. Lastly, the 

context and objectives of this PhD will be detailed. 

. 

I.1 Global warming and climate change 
 

For several years now, each summer is accompanied with several heatwaves. Their 

frequency, intensity and duration noticeably increased [1], resulting in high averaged 

temperatures in 2019 all around the world [2](Figure I.1) and new highest historic 

temperature recorded in more than 35 countries since 2015. Especially alarming 

temperatures above T = 20°C and 38°C were recorded in Antarctica and Arctic Siberia, 

respectively, in the first half of 2020. In 2019, the global temperature was estimated at 

around + 1.29°C above the temperature of the 19th century.  

 

Figure I.1. Local temperatures, averaged over the whole 2019 year, recorded around 
the world and compared to the average temperature of 1951 – 1980. Reprinted from Ref 
[2]  
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 Emission of greenhouse gases by energy and transportation sectors 

Even if Earth’s climate naturally cycles between colder and warmer periods, due to 

several effects such as small orbital variations [3], these cycles last for millennia and the 

transition from one to the other is often accompanied with shorter climate change 

period. However, the amplitude and the rate of the warming since the last century is 

too large to be natural and must be due to human activities, as reported by scientists for 

more than thirty years [4–8]  

The increase of greenhouse gas (GHG) concentration in the atmosphere is considered 

as the main origin of the global warming. These gases originate from various sources 

and applications in different proportions (given for US emissions in 2018) [9]: carbon 

dioxide (81%) mainly comes from the burning of fossil fuels; methane (10%) is a by-

product of fossil fuel production and transportation and is also emitted by livestock; 

nitrous oxides (7%) are generated by combustion of fossil fuels, solid waste and 

treatment of wastewater; fluorinated gases (3%) are produced by industrial processes 

and present the highest global warming potential [9]. Overall, the generation of GHG 

is mainly driven by the production of electricity (27% in 2018 in the US [10]), using fossil 

resources (coal, natural gas, oil), and by the transportation sector (28% [10]), mainly due 

to combustion of fossil fuels in thermal engines. 

 

Figure I.2. Annual total CO2 emissions by world region. Reprinted from [11]. 

Because of the constant growth of fossil fuel consumption, the annual CO2 emission has 

been multiplied by seven since 1950 (Figure I.2). Even if warned by the scientific 
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community and conventions of parties (COP), gathered by the United Nations regarding 

the climate change since 1995 (COP1 held in Berlin), no strict actions to reduce the 

emissions of GHG were considered by governments so far. Because of this lack of 

decision, the peak emission of CO2 was not yet reached in 2018 (Figure I.2) and will not 

until, at the latest, 2030 according to the Paris agreement (COP 21). Indeed, numerous 

countries, part of the biggest GHG emitter, ratified this agreement in 2015 with the main 

objective to limit the global warming to +1.5°C for the year 2100 (but such target was 

already proposed in 2009 [12]). Unfortunately, as shown by Figure I.3, the current 

policies applied to reduce the climate change impact are not sufficient to reach such 

goal [11]. This means that the policies voted at the COP 21 are not yet (fully) applied 

and are sometimes discarded, a famous example being the US government decision to 

withdraw from their engagement in 2019 [13] (the decision was taken in 2017 only 2 

years after the ratification). 

 

Figure I.3. Global greenhouse gas emissions and warming scenarios. Reprinted from 
Ref. [11]. 

The sanitary crisis of 2020 (SARS CoV2 pandemic) directly impacted the emission of 

CO2 at the world scale: because of national lockdowns and international borders closing, 

transportation and energy consumption habits were modified, resulting in ca. 17% 

decrease of produced CO2 from January to April 2020 (compared the same period in 

2019) as presented by Le Quéré et al. [14]. Unfortunately, this habits modification was 

only temporary and by the time of the article publication the emission levels were 

already back to “normal”. Another study by Zambrano-Monserrate et al. [15] showed 

that this pandemic will also have negative effects on the environment, such as the 
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reduced amount of waste recycled, but most importantly that decreasing GHG 

emissions on such short periods is not a sustainable way to reach the Paris agreement 

targets. 

 

 Consequences of the global warming 

Going back to the pre-industrial era average temperature is not achievable with the 

actual development of the human society: the important population growth (1.6 billion 

in 1900, 7 billion in 2011, 7.7 billion in 2019 [16] requires the equivalent (or even 

superior) energy demand, accompanied by proportional GHG emissions as presented 

above. This will surely have a major impact result in direct and indirect consequences. 

Direct consequences are events caused by the global warming that are experienced 

already to this day and will aggravate in the upcoming years: 

 Increased probability of extreme weather events 

As mentioned above, the probability and frequency of heat waves is directly increased 

with the global warming. Ironically, this encourages the usage of air conditioning to 

live and work in acceptable conditions, but in return directly amplifies the global 

warming by generating heat [17,18]. Less intuitively, both ends of the extreme events 

scale are concerned, with rising minimum temperature as well as cold waves also 

recorded more frequently over the past decades [19–22]. Other weather events are 

induced by climate changes such as droughts [23,24], heavy rains and river flooding 

[25–27], wildfires [28,29], storms and cyclones [27,30], and will intensify depending on 

the amplitude of the global warming. 

 Rise of the sea level 

The overall increasing temperature induces melting of sea ice and glaciers [31–33] as 

well as a significant warming of the oceans [34,35], which all contribute to the rise of 

the sea level. It is possible to find small beneficial aspects from this situation, with for 

example new maritime routes opening that will reduce the distance of shipment 

between Europe and Asia [36], but its arising overall consequences will most likely be 

more catastrophic. According to new estimates, the sea level will rise by 1.3 meter by 

2100, and more than 5 meters by 2300 if the current climate policies are maintained [37], 

inducing major migration crisis of coastal population (around 10% of the current total 

population lives below the 5 m altitude line), which already started [38]. An additional 

effect of the ice melting is the diminution of the ice-albedo of the planet, which will 

result in solar radiations being less reflected and thus more absorbed by the surface of 

the earth, accelerating even more its overall warming. 
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 Indirect consequences of climate change 

The indirect consequences are the products of all the effects described previously and 

will affect directly our society and environment: water and hunger crisis will be 

amplified as a direct repercussion of more frequent droughts; important biodiversity 

losses will be induced by climate change [39–42]; the propagation and behavior of 

infectious diseases might also be modified [43–45]; what is certain is the thawing of the 

permafrost, which will result in resurfacing extinct diseases from past centuries [46] or 

even unknown ones from past eras [47,48]. 

In order to limit such consequences and fall in the COP 21 “+1.5°C scenario”, it is of 

paramount importance to drastically reduce the overall GHG emissions. This means 

that the two main sources of GHG emissions (electricity production and transportation) 

must be addressed in priority.  

 

 Renewable energy and technological locks 

The best way to decrease the energy contribution to global warming would be to 

produce less and diminish the overall demand by changing our consumption habits, 

similarly as what was observed during the sanitary crisis of 2020. However, such drastic 

modifications will take years or decades to be established and in the end energy would 

still be required. This means that a more direct approach must be taken to decrease the 

GHG emissions: developing new energy technologies with no or a lesser impact on the 

climate change. These technologies are called renewable energies and rely on principles 

emitting no GHG. They are regrouped in four main sources: hydropower; wind; solar; 

and biomass energy technologies, and as presented on Figure I.4, generate small to no 

GHG. They are also presented as safer energy sources, since the death rate used on this 

chart is calculated from air pollution and other related accidents [49].  
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Figure I.4. The safety of the different sources of energy compared to their respective 
GHG emissions. Reprinted from Ref [49]. 

This really encourages the deployment of such technologies on a global scale. Figure 

I.5a shows the evolution of energy production originating from these renewable 

energies. Hydropower is a source well exploited since the early 1960 and the technology 

is pretty much mature, which explains why almost no investments are made in this 

sector since 2004 (Figure I.5b), and why the energy produced increases linearly: more 

hydropower sites are being deployed but their energy output is always the same. This 

is not the case for the technology exploiting other renewable resources. Biomass is 

slowly developed overtime but at a relatively slow pace, proportional to the dedicated 

small investment. On the contrary, wind and solar sources are being thoroughly 

investigated since the early 2000’s (Figure I.5b), which directly translates into a 

significant energy production increase over the last decade. In 2019, wind and solar 

energies produced around 19% and 13% of the total renewable electricity, which 

corresponded itself to 11% of the global energy production [50]. This could appear as a 

low percentage, but they will keep increasing in future years and reach significant 

portion of our energy production as made in Sweden, where more than 50% of electricity 

was produced from renewable resources in 2018 [51]. 
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Figure I.5. (a) Global renewable energy generation by technology. Reprinted from Ref 
[50]. (b) Global investment in renewable energy by technology highlighting wind and 
solar as the main development focuses. Reprinted from Ref [49] 

The nuclear energy production also proved to be an interesting source emitting no CO2 

(Figure I.4). However, because it runs on radioactive minerals, it can however not be 

considered as a renewable energy source. Its main issue is the important quantities of 

radioactive waste generated that are, for now, hardly treatable. In addition, the 

dismantling of nuclear plants is expensive and time consuming. Moreover, major 

incidents such as the Chernobyl or Fukushima events made this technology the most 

dangerous one by common beliefs (but is in fact much safer than GHG emitting ones 

[49] in terms of short term effects). It was actually estimated that the use of nuclear 
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energy has prevented more than 1.8 million air pollution-related deaths and the 

emission of 64 Gt of CO2 [52]. The nuclear energy should therefore be used as a 

transition help to greatly reduce emissions until the renewables energies reach their full 

potential and replace it. Unfortunately, as presented by Figure I.6, all the progress made 

with renewable energies is only used to decrease the production part of nuclear while 

the GHG emitting production is almost untouched [53]. On a more hopeful and positive 

note, nuclear energy production could see a major milestone achieved in the next 

decades with the nuclear fusion technology. It should produce great amount of energy, 

with no GHG emission nor radioactive wastes, and is under development in France 

through the ITER project [54]. 

 

Figure I.6. The share of nuclear and renewables in total electricity production. 
Reprinted from Ref [53]. 

In addition, renewable energies are not all green and several aspects limit their 

development. First of all, each technology is dependent on the environment, meaning it 

cannot be used everywhere. This basic but really important notion means that each 

country must adapt its energy production at a regional scale, in function of the 

renewable sources available and that it is primordial to continue the developments of 

several technologies and not focus on one system. The development of renewable 

sources was also accompanied by major impact on the environment regarding local 

populations or biodiversity, as for the main example the important negative effects of 

dams over their surroundings [55–57]. The hydroelectric source is the oldest one that 

became practical, so more research has been conducted regarding its impacts. However, 

studies already reveal that wind [58,59], biomass [59] and marine [60] energy 

productions also have negative effects on the environment. Such effects must be 
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considered and minimized to avoid making renewable sources more harmful then 

beneficial to the environment. Solar power appears to be the less negatively impactful 

technology [61] but it is important to keep in mind that human-made installations will 

always affect their surroundings.  

Moreover, by their nature, most of the renewable sources are intermittent and will thus 

produce energy in a discontinued manner. Such intermittency is provoked by 

predictable events, such as the day/night cycle for solar or the tides for marine power, 

and the production can therefore be adjusted in consequence. However, clouds and 

winds are more complex to predict and could result in unplanned production drops. 

This technical barrier has been used as a break to renewable energy development 

because of their “unreliable nature” [62]. However, it must now be addressed: the best 

answer to such discontinued production is to exceed to total energy demand when 

possible and store this surplus to be reused when needed [63,64]. The best manner to 

do so it to convert the exceeding electrical energy in chemical energy via the use of 

electrochemical systems. Currently the most developed technologies for stationary 

conversion are battery systems [64–66]. However, their closed nature and the upcoming 

increase of renewable energy production will require to deploy fields of battery to 

obtain suitable storage capacity, where other open technologies, such as redox flow 

batteries or fuel cell/electrolyzer systems, would only require larger storage reservoir. 

Redox flow batteries are promising for such applications [67] but present the 

inconvenience of being only devoted to management of the electrical grid.  

 

I.2 Hydrogen: a major energy vector  
 

In opposition to batteries, the hydrogen produced by the renewable production surplus, 

using water splitting electrolyzers, is not limited to be converted back to electricity in 

the power grid and could be instead used as a fuel in fuel cell powered portable and 

mobile devices and vehicles. A recent review has fully described all the different 

processes involved in the hydrogen energy vector, which can be summarized by Figure 

I.7, from the available sources, generation and storage options and the several hydrogen 

fueled final applications [68]. 
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Figure I.7. The hydrogen vector: sources, generation options, storage options and end-
uses. Reprinted from [68] 

 Is hydrogen really a green fuel? 

In the last decade, hydrogen was often described as (near) future fuel [69–71] because 

of its important energy density per unit mass (three times the one of common fossil 

fuels). As presented on Figure I.7, the production methods can be separated in two 

distinct categories: fossil fuel based, and sustainable water electrolysis. Unfortunately, 

around 96% of the hydrogen is produced from fossil resources today (49% from natural 

gas, 29% from liquid hydrocarbons, and ca. 18% from coal) [68], which contribute to 

significant GHG and other chemicals emission in the atmosphere [70]. The main reason 

is obviously economic: because of the important energy demand of water electrolysis, 

the resulting hydrogen production cost is high (around 4 – 8 $/kg-1 versus 1 – 2 $.kg-1 

for non-sustainable production, in 2019 [72,73]). The sustainability of hydrogen is thus 

still questionable nowadays, but current important investments and a real trend in the 

“green hydrogen production”, induced by the global warming targets discussed above, 

can already be observed from the amount of studies published recently in this domain 

[74]. Such development is strongly required to reach the sustainable production target, 

from 0.04 Mt.y-1 in 2010 to almost 8 Mt.y-1 in 2030 [75] and the recent H2 plan in France 

(7000 M€) goes in this direction. 

The different utilization of hydrogen also shows highly disparate proportions. Indeed, 

most of the produced hydrogen is used in chemical refinery: more than 50% is used for 
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chemical reactions in Europe and over 95% for ammonia synthesis in Japan. Overall the 

large majority of the world hydrogen is used for petroleum refining and ammonia and 

methanol synthesis [68], which will also contribute to the pollution of the atmosphere 

with GHG or other chemicals. Again, carbon-free transportation, other mobile devices 

and stationary electric generation are under consequent investigations and will be 

presented in more detail in the following section. However, to this day, the technologies 

are only emerging and this energy vector is a non-negligible part of the overall GHG 

emissions and several years or decades will be necessary for the hydrogen vector to be 

fully “green”. 

 Storage and transportation of hydrogen 

In addition to the current issues just described, it is also necessary to store the produced 

hydrogen and then transport it from the production to utilization sites. The large energy 

density of hydrogen was mentioned previously as one of the main property to consider 

it as an energy carrier. However, when converted to volume, this energy density is only 

5.6 MJ.L-1 for a given pressure of 700 bar at 25°C (which is now three times lower than 

hydrocarbon fuels). This value obtained only at high pressure asserts the difficulty to 

store hydrogen compared to natural gas or other liquid fuel. Several methods were 

developed to such end, where the state of hydrogen varies from gaseous to liquid or 

even solid. 

 Gaseous hydrogen 

The main storage system is the compression of gaseous hydrogen, since it is relatively 

easy and straightforward. It allows to reach acceptable densities for several applications: 

23.3 kg.m-3 at 350 bar and 39.2 kg.m-3 at 700 bar, which corresponds to the common 

pressures of fuel cell buses and commercial fuel-cell cars respectively. It is also possible 

to perform cryo-compression at T = 100 K to reach a density of 39.5 kg.m-3 at relatively 

low pressure of 200 bar [76]. Standardized tanks are already commercialized following 

strict norms to limit safety issues. This storage method presents the main drawback to 

require an energy-consuming compression system that decreases the overall energy 

efficiency of the hydrogen cycle. In addition, the high pressure most often considered 

is too high for standard fuel cell and electrolyzer and it must be adapted. Moreover, even 

after compression, the volumetric energy density of pressurized hydrogen is still low 

compare to gasoline, thereby increasing the transportation costs [68]. 

 Liquid hydrogen 

Another method to obtain a higher volumetric energy density is to change the state of 

hydrogen from gaseous to liquid (10.1 MJ.L-1). However, this process requires even more 

energy than compression due to hydrogen very low density (0.089 kg.m-3) and boiling 
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point (20.2 K). It was investigated for small scale storage and even considered for fueling 

vehicles. However, this technology is, to this day, not viable compared to pressurized 

hydrogen [68]. 

 Solid hydrogen 

Because it is already complex to obtain liquid hydrogen, the methods to obtain a solid 

storage of hydrogen involve inserting it in other materials using physisorption or 

chemisorption (Figure I.7). It was proven to be an efficient method in addition to be 

much safer than commonly-used compressed hydrogen. Several materials can be used 

as insertion matrix to hydrogen such as metal hydrides [77], magnesium-based alloys 

[78], carbon based materials [79] or boron-based compounds [80], such as the sodium 

borohydride (NaBH4). This specific molecule will be thoroughly discussed in the rest of 

the manuscript but as a fuel and not as a hydrogen storage medium. This method 

presents the advantage of being the easiest way to transport hydrogen.  

Indeed, as briefly evoked above, the transportation of pressurized hydrogen is a real 

challenge. It is possible to distribute it to the user using either trucks or pipelines. It is 

also possible to use trucks with adapted tanks to deliver liquefied hydrogen. These three 

options present both advantages and disadvantages related to the delivery cost and also 

the deployment time required. Pipelines are more suited for very large transport 

capacity, but will be very expensive and difficult to deploy. The cheapest method is 

obviously to use a network of trucks, but it is not suited to handle a large production 

[68]. Because of the development of hydrogen related technologies and quantities 

produced in the upcoming years, it is mandatory to address this issue. In fact, it is 

nowadays one of the main barriers to the development of hydrogen vehicles in Europe: 

the hydrogen network is not sufficiently developed to motivate vehicle manufacturers 

to invest in the hydrogen technology and in return, governments do not develop the 

hydrogen distribution network because the demand is not important enough [81]. 

However, significant funding is now unlocked and numerous hydrogen stations are 

now under development [81,82]. 

To conclude on hydrogen, it is a really promising energy vector that would unlock low 

GHG energy production and transportation due to its interesting energetic properties 

and its possible sustainable production. However, much efforts are still required to 

reach such a sustainable network since the main sources and utilization of hydrogen 

are currently directly contributing to the atmosphere pollution by either GHG or other 

chemicals. Nonetheless, the recent governmental engagements and technology 

developments are encouraging to see the hydrogen vector potential correctly used in a 

near future. 
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I.3 Development of fuel cells 
 

Hydrogen can be converted back to electrical energy using systems called fuel cells (FC). 

There exist several families of FCs which are used for different purposes ranging from 

homogenization of the renewable energy production, electricity and heat generator for 

domestic purposes, transportation applications and powering portable or mobile 

electronic devices (Figure I.7), that can be more generally separated in stationary and 

portable systems. Overall, all FCs operate with the same operation principle: a fuel (a 

gas or liquid) is injected in a system composed of two electrodes separated by an 

electrolyte. This fuel is oxidized at the anode (negative electrode), while an oxidant (O2 

in most cases) is being reduced at the cathode. In order to have an operating FC, the 

electrolyte, which also serves as the separator (except for liquid FC) must provide a high 

ionic conduction (to transport the charge carriers from one electrode to the other) but 

be an electronic insulator, otherwise the system will be short-circuited. The six families 

of FC: Proton Exchange Membrane Fuel Cell (PEMFC); Solid Oxide Fuel Cell (SOFC); 

Molten Carbonate Fuel Cell (MCFC); Direct FC like the Direct Methanol Fuel Cell 

(DMFC); Alkaline Fuel Cell (AFC); Phosphoric Acid Fuel Cell (PEFC), are operating with 

different characteristics. The primary ones of each FC family are regrouped in Table I.1. 

Table I.1: Primary characteristics of the different FC families [83–85]. 

Fuel cell 

type 
Fuel Electrolyte 

Operating 

temperature 

Electric 

efficiency 

Power 

range 
Application 

PEMFC Pure H2 

Solid polymer 

(proton 

conductor) 

50 – 100°C 34 – 45% 
5 – 250 

kW 

Portable/ 

Stationary/ 

Automotive 

SOFC 
H2, CO, 

CH4 
Solid ceramic ≈ 1000°C > 50% 

2 kW – 

MW 

Stationary: 

Combine Heat 

and Power 

(CHP) 

MCFC 
H2, CO, 

CH4 

Molten 

carbonate salt 
≈ 650°C > 50% 

200 kW 

– MW 

Stationary: 

CHP 

DMFC CH3OH 

Solid polymer 

(proton 

conductor) 

20 – 90°C ≈ 50% 
mW – 1 

kW 

Portable: 

electronic 

systems 

AFC Pure H2 
Alkaline 

solutions 
60 – 90°C 35 – 55% 

1 – 250 

kW 

Stationary/ 

Portable: 

marine, space 

PAFC Pure H2 
Phosphoric 

acid 
160 – 220°C 40% 

20 – 200 

kW 

Stationary: 

CHP 
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 Stationary applications  

Stationary applications are those requiring the highest power and can be separated 

again into three subcategories: electricity and heat generator for domestic or industrial 

uses; backup power sources; power generation for off-grid sites. Figure I.8 presents the 

evolution of large scale (P > 200 kW) stationary systems deployed worldwide in the last 

decade. It appears that this market is largely dominated by high-temperature operating 

FC (MCFC, SOFC, PAFC) because of their important power density and high electric 

efficiency. In addition, these technologies are also used at smaller scale for domestic 

usage. They present the advantage of generating both heat and electricity (CHP) and 

are thus more practical for water heating in houses, compared to a traditional heater 

that will not produce any electrical energy. In 2019, 80 MW of SOFC capacity and 

around 100 MW of PAFC capacity, although with a lower number of systems suggesting 

that the technology is preferred for larger power, were deployed worldwide [85]. 

 

Figure I.8. Cumulative global deployment of large scale stationary fuel cells shown 
from 2007 onwards, displayed per technology. Reprinted from Ref [86]. 

Even if only few P > 200 kW PEMFC systems are deployed, this technology is actually 

well developed in the stationary market, especially for small power applications. It is 

also widely used for CHP domestic production (i.e. Ene-Farm) and can replace 

traditional power generator (fueled with fossil fuels) for supplying backup power in 

case of grid failure. Such systems are used in industries, hospitals or even data centers 

and are usually in the 1 to 10 kW range [87]. In addition, PEMFCs also cover the last 
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stationary application with the development of off-grid systems (i.e. Axane, Air 

Liquide’s group, in France) for providing reliable electricity production in remote places 

(i.e. telecom relays) or developing countries. Overall, the PEMFC is the most developed 

and deployed FC technology, because of its versatility. Its stationary applications only 

cover a small portion of the total PEMFC capacity deployed, since the major part is 

dedicated to transports [85]. 

 Transport application 

Indeed, the transport applications are almost completely covered by PEM systems, with 

few DMFC or SOFC systems under development in 2019, with a total capacity of 900 

MW in 2019 [85]. Transportation is one of the main GHG emission source, as explained 

in section I.1, and is a key market in our society: everyone relies on cars, public 

transports and shipments. It is therefore a primary focus to convert these applications 

to non-emitting technology. The PEMFC has played an essential role in that matter, 

with its emergence on every sector of the transportation spectrum. 

 Domestic cars 

There are three main vehicle constructors which commercialized Fuel Cell Electric 

Vehicles (FCEVs): Hyundai with the ix35 Fuel Cell and more recent NEXO SUV (2018) 

models, Toyota with the Mirai model and Honda with the Clarity FC model, and several 

other under development (Nissan, GM, Ford, Mercedez, etc.) using around 100 kW 

PEMFC systems. They were first commercialized in the first half of the 2010’s and 

received continuous development with, for example, the range of the Clarity going up 

from 380 km upon release to 590 km with the 2016 model. In France, only few FCEV are 

circulating; however, Symbio (Michelin/Faurecia group) is developing a FC version of 

the Renault Kangoo, with 150 models delivered in 2016 [88]. The main advantages of 

FCEV compared to battery EV are the overall mass of the embedded power system and 

the refill vs reload time. Indeed, as Li-ion batteries progressively reach their maximum 

theoretical capacity [89], the only way to increase the overall energy density, and thus 

the range of the vehicle, is to increase the dimensions of the overall system, whereas 

only the hydrogen tank and/or its refill frequency must be addressed regarding FCEV. 

In addition, it only takes minutes to refill the hydrogen tank (generally 4-5 kg at 700 

bar), where several hours are required to fully reload a car battery. The present 

deployment of hydrogen stations worldwide tends to facilitate the development of the 

overall FCEV fleet, mainly present in Asia and California today [85]. In addition, to 

prove their competitive aspect in comparison to other EV or even thermic vehicles, 

hydrogen race cars are being developed, like the Forze model or the MissionH24 project 

(GreenGT, Symbio).  
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 Shipment and handling vehicles 

A large part of the transport emissions originates from merchandise transportation with 

cargo ships or heavy goods vehicles (HGV). The requirements for powering freighters 

solely by hydrogen is beyond the reach of FCs for now, but HGV are under 

development. Constructor like Nikola or Hyundai should deploy a fleet of several 

thousands of vehicles in Europe in 2020, with a 400 km range [85]. The main issue 

regarding hydrogen fueled trucks is the refueling of their tanks, and dedicated stations 

must thus be deployed: because a larger quantity of hydrogen is embedded, the 

hydrogen flow rates must be increased 5 to 6 times in order to limit the refueling time 

to 10 – 15 min and maintain a competitive cost of operation. The low refilling time, low 

maintenance and high energy density of PEMFC systems (compared to batteries) 

motivated the development of hydrogen fed forklift for materials handling: in 2013, 

more than 4000 PEMFC equipped forklifts were operating the USA. In France, 

HyPulsion and then PlugPower develop such forklift since 2012 

 Passenger transport 

Like other sectors, hydrogen fueled vehicles dedicated to public transports are under 

development and start to be deployed, like buses or even river shuttle. To prepare for 

the 2020 Olympics, 100 hydrogen buses were supposed to be in service in Tokyo and 

more than 1200 in 2023. Overall, FC-powered buses start to emerge in several countries 

and a significant portion of the total fleet should be fed by hydrogen by the next decade. 

Similarly, trains follow the same development with the priority in France to convert the 

remaining TER (Regional Express Trains) operating with diesel engine. Even if 

freighters are still out of the FC reach, small river shuttles have also been deployed with 

for example the Hydra, operating from 2000 to 2001 in Bonn (Germany) or the Navibus 

since 2018 in Nantes (France) powered by Symbio [90]. 

 Marine 

In addition to river shuttles, other systems are developed for larger ships. To start the 

transition towards GHG free ships, Norway should deploy a hybrid (hydrogen/diesel) 

ferry with a 100 – 300 passenger capacity in 2020, as well as a first cargo with a 200 

containers holding capacity fueled with diesel, batteries and hydrogen planned for 2026 

using Hyon FCs. Moreover, a pusher barge will be tested in 2021 in Lyon (France) with 

460 kg of hydrogen stored to fuel a 2 × 200 kW PEMFC system. The FC application in 

marine market is extended with Toyota announcing to power fishing ships by 2022 [85]. 

FC are also being investigated for submarine applications. However, because of the 

highly pressurized hydrogen being too dangerous for such conditions, fully liquid AFC 

systems will be preferred. This is true for all applications in a confined environment, 

like spacecraft. 
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 Towards portable and mobile systems 

Portable or mobile systems are defined by individual transportation or electronic 

devices that require smaller a power density (from hundreds of W to few kW) than 

other applications presented above and will focus more on a large energy density to 

operates for longer periods before needing refueling. For this reason, the PEMFC is not 

always the go to technology in this sector and DMFC are often considered. Examples of 

such applications bikes fueled by hydrogen such as the “αlpha” model commercialized 

by Pragma Industries in France (Figure I.9) powered by a 150 W PEMFC with a 150 km 

range and a low refueling time of 2 min (compared to hours for battery assisted bikes 

of the same power). 

 

Figure I.9. The hydrogen fueled bike “αlpha” commercialized by Pragma Industries. 

FC can also be used as portable power sources for military applications, such as the 

JENNY cell from SFC Energy, weighing from 1.7 to 3.3 kg with a corresponding energy 

density of 600 W.h to 1200 W.h. They operate using 25 W DMFC with fuel cartridges. 

However, because the focus in this sector is still turned on batteries, the development 

of small scale FC is more difficult and leading companies such as MyFC are forced to 

leave the market [85]. The next promising market might be Unmanned Aerial Vehicles 

(UAVs). Indeed, this market is largely growing for material handling and recreational 

uses, and drones present similar characteristics to forklift (where FC outperform 

batteries). Companies like Intelligent Energy commercialize power modules up to 2.4 

kW for drones. In 2019 a drone flew for 70 min carrying a 5 kg load [85]. They also 

showcased in 2016 an embedded PEMFC system for powering laptops (Figure I.10). The 

interesting aspect of this system is the hydrogen source. Instead of standard pressurized 

tanks, sodium borohydride is used as the storage and hydrogen is realized to the FC 

through hydrolysis of the boron-based compound.  
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Figure I.10. Prototype of a fuel cell system for powering portable laptop developed by 
Intelligent Energy. 

This system could be called an indirect borohydride FC, because borohydride is only 

used as a hydrogen carrier, in contrast to the Direct Borohydride Fuel Cell (DBFC) that 

will be investigated in detail throughout the whole manuscript. Such system is indeed 

well suited for portable applications, in particular because of its important energy 

density. It will be presented in more detail in the following section. It was also 

demonstrated with a prototype of van powered by PEMFC and sodium borohydride as 

hydrogen storage developed by Daimler-Chrysler in 2001 [91] 

Overall, the fuel cell industry is in large expansion since the last decade and the current 

trend toward zero emission energy production and transportation will likely contribute 

to expand it even more over the next years/decades. The PEMFC is the most mature FC 

technology, because of its versatile characteristics and numerous advantages. However, 

in some applications, like high power stationary energy production, SOFC, PAFC or 

MCFC will often be preferred. Other technologies can present themselves more suited 

for niche applications such as the AFC for confined spaces (under-water or space) and 

the DMFC or even FC using exotic fuels (notably DBFC) for portable and mobile 

applications.  

 

I.4 The Direct Borohydride Fuel Cell  
 

 Borohydride as a fuel  

Boron-based compounds were mentioned above as a possible medium for solid 

hydrogen storage. However, they can also be considered as fuel in direct liquid FC, if 

dissolved in anolytes in the appropriate conditions. Several compounds such as 
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ammonia borane (NH3BH3), hydrazine borane (N2H4BH3) or the sodium borohydride 

(NaBH4) can be classified as “exotic fuels”. Even if they all present interesting properties, 

the focus will now be placed on NaBH4 and especially on its use directly as a fuel and 

not as a storage medium. Indeed, borohydride can be used for several applications, in 

particular in the chemical industry as a reducing agent, and can be electro-oxidized to 

generate electricity. 

I.4.1.1 Production of borohydride 

Borohydride in itself is not stable and must be associated to another compounds to form 

a salt: most commonly sodium borohydride NaBH4. This molecule is not a naturally 

occurring material and was discovered by Schlesinger and Brown in 1940. Because their 

work was classified, the first study was however published in 1953 [92]. This chemical 

is now massively produced mainly through two different processes. The first one is the 

synthesis procedure developed by Schlesinger and Brown, and is still relevant. A 

schematic representation of the different steps involved is presented on Figure I.11. The 

figure is reprinted from Ref [93] with the following description of each step: 

“There are 7 steps such as: S1 as steam reforming of methane CH4 to produce H2; S2 as 
electrolysis of sodium chloride NaCl to produce metallic sodium Na; S3 as refining of borax to 
make boric acid H3BO3; S4 as reaction of H3BO3with methanol CH3OH to form trimethylborate 
B(OCH3)3; S5 as reaction of Na and H2 to make sodium hydride NaH; S6 as reaction of NaH and 
B(OCH3)3 towards NaBH4; S7 as recycling sodium methoxide NaOCH3 to CH3OH.” 

 

Figure I.11. Simplified scheme of the synthesis of NaBH4 via the so-called Brown-
Schlesinger process. Reprinted from Ref [93] 
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The overall reaction can be described by equation 1.1: 

4 NaH + B(OCH3)3 → NaBH4 + 3 NaOCH3  (Brown-Schlesinger process, 1.1) 

This process presents the advantage of operating at atmospheric pressure and relatively 

low temperature (T = 250 – 270°C) Even though the reaction requires trimethylborates 

as precursor, it is directly obtained from borax (Na2B4O7), a naturally occurring mineral. 

However, the other precursor, sodium hydride, requires the production of metallic 

sodium, a process highly inefficient with an electrical efficiency estimated around 50% 

[94]. The second main industrial process to produce borohydride was developed by 

Bayer and consists of a one-pot synthesis where borax, metallic sodium, hydrogen and 

silica are combined at high temperature (400 – 500°C) following equation 1.2: 

Na2B4O7 + 16 Na + 8 H2 + 7 SiO2 →  4 NaBH4 + 7 Na2SiO3  (Bayer process, 1.2) 

This one-pot method simplifies the overall production process. However, metallic 

sodium is still required, inducing the same inefficiency as the previous process. 

Moreover, the higher temperature required also reduces the overall energetic efficiency. 

With the increasing interest of sodium borohydride for hydrogen storage, the scientific 

community restarted to develop new synthesis procedures since 2000, accompanied 

with related patents [95]. One of the promising methods is to produce NaBH4 from 

sodium metaborate (NaBO2), via electro-synthesis [96] or using reducing agents [97,98], 

which would create a circular and sustainable production route since this precursor is 

the final product of the oxidation of borohydride (as detailed in the next sections). 

Overall, these new synthesis procedures still require much work and development to 

become competitive to the two main industrial ones. They are both based on the 

restructuration of borax, which can raise the question about the sustainability of using 

borohydride. Borax is found in evaporate deposits produced during the evaporation of 

seasonal lake and salted lakes. The main deposits are localized in Turkey and California, 

but borax is also found all around the world, and even if the production increases every 

year the world reserve is still largely abundant [99].  

I.4.1.2 Properties of borohydride 

Sodium borohydride is a white odorless and non-toxic powder with a high melting point 

of T = 505°C, it will however start to decompose at T = 400°C. It presents the advantage 

of having the second highest gravimetric hydrogen density in the hydride family 

(behind LiBH4), due to the low mass of the boron atom [95]. This induces an important 

energy density notably because of the presence of 4 hydrogen atoms per molecule. 

Besides the hydrogen storage application, which is rather recent [100,101], its main 

usage is as a reducing agent in organic reactions [102–104], and in industry for the 



Chapter I: Why the Direct Borohydride Fuel Cell 

 

23 
 

manufacture of pharmaceuticals, synthesis of other fine chemicals, or more recently, in 

synthesis of nano-scaled objects by reducing metallic salts to from nanoparticles 

supported on carbon [105–107], even though this property was already reported in 1956 

by Brown et al. [108]. Such materials are the typical electrocatalysts used as active layers 

in a FC system. For all these applications, the borohydride is used in its ionic form (BH4-

) and therefore must be dissolved. NaBH4 is highly soluble in water (solubility limit: 550 

g per 100 g of H2O [109]), however, the BH4- ion is unstable in water and will decompose 

into a stable borate species and release its contained hydrogen atoms following the 

hydrolysis reaction described by equation 1.3.  

BH4
− + 2 H2O →  BO2

− + 4 H2  (equation 1.3) 

This reaction, producing gaseous hydrogen, is the main process occurring when 

borohydride is used as a hydrogen storage medium and its rate must thus be enhanced 

using metallic catalysts in order to reach significant H2 generation [101,110]. One of the 

beneficial aspect of this hydrolysis reaction is that 50% of the produced hydrogen 

originates from water. However, for utilization as a fuel in a DBFC, borohydride must 

maintain the highest chemical stability possible once fed into a FC, in order to be 

oxidized through the Borohydride Oxidation Reaction (BOR) (equation 1.4).  

BH4
− + 8 OH− → BO2

− + 6 H2O + 8 e− 𝐸BH4
−/BO2

−
𝑜 = −1.24 V 𝑣𝑠 SHE (equation 1.4) 

This stability was determined to be dependent on both the pH of the solution and its 

temperature [111,112], and a strongly alkaline electrolyte will significantly slow down 

the rate of the hydrolysis reaction. The half-life of BH4- is estimated at 6.1 min, 10.2 h, 

42.6 days and 426.2 days at respective pH of 9, 11, 13 and 14 [113]. It is commonly 

accepted that borohydride is stable for pH > 12 [114] and in general the OH- 

concentration used in anolytes utilized for the BOR ranges from 0.1 M to 4 M, depending 

on the application (i.e. from laboratory to FC scale). 

This anodic reaction (equation 1.4) is the core of a DBFC and what differentiates this FC 

from standard PEMFCs (or AFCs in this case because of the alkalinity of the electrolyte). 

It was first reported in 1962 by Indig and Snyder [115] that borohydride could be used 

as a fuel by electro-oxidizing it using metallic anodes (in their case Ni). Interestingly, 

they already reported that the oxidation of borohydride is accompanied by a strong 

hydrogen generation and that “The gassing rate increased with the electrochemical 

oxidation, and at a rate of 775 mA.cm-2 much hydrogen was evolved. This indicated that 

hydrogen was formed as a product of the electrochemical oxidation.” Olu later assigned 

this generation mainly to hydrolysis [113] but it will be demonstrated in detail later in 

this manuscript (Chapter 4 and 5) that the first intuition of Indig and Snyder was in fact 

correct and H2 is a reaction product on a Ni electrode.  
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The BOR presents several interesting properties, such as its really low theoretical 

standard potential of 𝐸BH4
−/BO2

−
𝑜  = -1.24 V vs NHE at pH = 14 (or -0.41 V vs RHE) and 8 

electrons produced per BH4- species fully oxidized (compared to 2 per H2 oxidized for 

the Hydrogen Oxidation Reaction, HOR). However, this high number of electrons also 

induces a much more complex reaction, with a lot of elementary steps and intermediate 

species. Numerous studies have been performed to understand the mechanism of this 

reaction, and its current understanding by our group will be detailed later in Chapter 

III. The low theoretical standard potential is a promising property towards FC 

application, since it could provide a 400 mV increase of voltage per cell compared to 

standard H2 based technologies. However, because the anolyte is aqueous, it means that 

for potentials below 0 V vs RHE, the evolution of hydrogen, a reduction reaction, will 

be thermodynamically favored and will result in the emergence of a mixed potential 

affecting the real onset of the oxidation reaction. Again, this issue will be discussed in 

detail in the following Chapters.  

 

 Operation principles of a DBFC 

As mentioned above, the BOR is the main difference between an AFCs operating on H2 

and a DBFC, as it replaces the HOR as the anodic reaction. To close the circuit and 

generate power, the Oxygen Reduction Reaction (ORR in alkaline medium, equation 

1.5) is most often considered (it is the most common cathodic reaction in conventional 

FCs). However, because the anode is already fueled with a liquid anolyte, it is also 

possible to use liquid catholyte with the Hydrogen Peroxide Reduction Reaction (HPRR, 

equation 1.6): 

O2+2 H2O+4 e− → 4 OH−  (E0 = 0.40 V vs. SHE, pH = 14) (equation 1.5) 

H2O2+2 H++2 e− → 2 H2O  (E0 = 1.76 V vs. SHE, pH = 0) (equation 1.6) 

That way, a fully liquid-fed FC system is obtained, which is of great interest for 

applications in confined spaces such as submarines, and has been investigated for 

several years [116–118] because of theoretical better performance than the O2 DBFC. 

Indeed, by using the HPRR a theoretical Open Circuit Voltage (OCV) of 3.01 V could be 

reached for a single cell compared to 1.64 V for the O2 DBFC. This value is very 

impressive for a system operating in aqueous medium. However, because H2O2 is only 

stable in highly acid medium, a huge pH gradient exists between the two electrodes 

(pH = pHanode – pHcathode ≈ 14). If this gradient is stably maintained during operation of 

the cell (this requires specific conditions detailed later in the paragraph dedicated to the 

use of different membranes), a junction voltage appears (830 mV) from water protolysis, 

to provide both H+ and OH- ions, and results in a decrease of the theoretical OCV down 
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to 2.18 V. The overall reaction for O2 DBFC and H2O2 DBFC systems are detailed by 

equation 1.7 and 1.8 respectively: 

 BH4
− + 2 O2 → BO2

− + 2 H2O  (𝑈cell
th = 1.64 V) (equation 1.7) 

BH4
− +  4 H2O2 → BO2

− + 6 H2O (𝑈cell
th = 2.18 V) (equation 1.8) 

The structure of both DBFC unit cells is however the same and is schematically described 

by Figure I.12. The composition of the cell is actually similar to a standard PEMFC or 

other FC technologies and can be separated in three main layers: 

 

Figure I.12. Structural composition of a BH4
-/O2 DBFC unit cell. Reprinted from Ref 

[119]. 

 An anode that is the main seat of the anodic reaction, in this case the BOR (equation 

1.4). It can itself be separated into two sub layers: the diffusion layer that serves to 

bring the active species to the active layer, where they are catalyzed by the 

electrocatalysts materials (detailed in “Anode materials” section). The produced 

electrons are then conducted to the current collector through the diffusion layer: it must 

thus be electrically conductive and present a large porosity to limit mass-transport 

related issues in the cell. Most commonly commercial carbon papers are used to fulfil 

this role. 
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 A cathode that is structured similarly as the previous electrode, with a diffusion layer 

(carbon paper) and an active layer with electrocatalysts, specifically designed for the 

cathodic reaction (see the “Cathode materials” section for more details). 

 A membrane is used as a separator between the two electrodes and electrolytes to 

hinder short-circuits. However, to close the electrical circuit, it is necessary for this 

membrane to conduct ionic charge carriers from one electrode to the other. In a DBFC 

system, both Cation Exchange Membranes (CEMs) or Anion Exchange Membrane 

(AEMs) can be used, resulting in the conduction of Na+ or OH- carrier, respectively. 

The benefits and drawbacks of each membrane will be discussed further in the next 

sections and in Chapter V. Because of the liquid nature of the anolyte, no additional 

ionomer is required at the active layer for the ion conduction to the membrane. 

Nevertheless, such polymer is still used in commercial and standard anode design to 

bind the electrocatalyst nanoparticles to the carbon support. (This statement applies to 

the cathode if fed by liquid catholyte). 

The different variables involved in the DBFC operation were reviewed by Olu et al. [120] 

in 2016. The geometric surface area of the anode was presented as highly affecting the 

overall DBFC performance with smaller electrodes displaying higher power densities in 

similar conditions [121,122]. It is then reported that the anolyte flow rate might contribute 

to largely improve the performance of the cell [123,124] or have little influence 

[122,125,126]. These different observations all suggest that the reactant transport 

conditions must be carefully studied for a given DBFC configuration in order to maximize 

its resulting power density, as recently confirmed by Prof. Ramani’s group [127,128]. 

The morphology of the anodic active layer was also demonstrated by Olu et al. [129] to 

be a major variable to reach high power. This will be discussed in detail in Chapter V of 

this manuscript.  

In 2014, the advantages and drawbacks of the DBFC were listed by Sharaf et al. [130], 

compared to other FC technologies: they are reported in Table I.2. At first sight, this list 

of drawbacks appears detrimental towards the development of DBFC for real 

applications compared to the advantages presented. However, its high OCV is not 

mentioned as well as its good theoretical specific energy which is 50% higher than the 

one of a DMFC, a commercialized system (9 kWh.kg-1 and 6 kWh.kg-1 respectively). In 

addition, several of the hindrances listed are not so true to this day: promising power 

densities over P = 800 mW.cm-2 were reached recently with a H2O2 DBFC unit cell [128]; 

the BOR mechanism has been thoroughly investigated by Olu on Pt and Pd electrodes 

[113,129,131] and with the additions of this manuscript, a satisfying model of the 

reaction is obtained; to cover the cost of the catalysts, a global effort is made to move 

towards non-Platinum Group Metal (PGM) electrodes (see section III.4). Similarly, the 

stability of membranes, especially AEM has largely been improved in the last years (see 
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the “Different membrane configurations” section). The inefficiency of the cathodic 

reaction is enhanced by the fuel crossover and will be discussed in the section dedicated 

to the membranes however, this issue is present in all FC systems relying on ORR. Major 

progress has been made that will profit the DBFC. However, its commercialization is 

still hindered by the remaining issues: (i) the high cost, mainly due to the borohydride 

production and the use of PGM-based electrodes and (ii) the hydrogen released during 

operation, directly translated in an efficiency loss because electrons stored in BH4-are 

not fully valorized but partly lost in the form of molecular hydrogen.  

Table I.2. Specific advantaged and drawbacks of a DBFC system compared to other 
FC technologies. Adapted from Ref [130]. 

Specific advantages Specific drawbacks 

Compact size Fuel crossover 

High fuel gravimetric hydrogen density High cost 

No CO2 produced Low power density 

Low-toxicity and environmentally-friendly 

operation 

Lack of analytical modelling due to 

unknown BOR mechanism 

 Expensive catalyst 

 
Chemical instability of membrane and 

catalysts 

 Inefficient Cathodic reduction reaction 

 
Inefficient anodic oxidation reaction due 

to significant hydrogen evolution 

 

I.4.2.1 Anode materials 

The electrocatalyst materials used in DBFC anodes were reviewed by Olu et al. [120]. 

What arises from this study is that noble metals are the most widely used and most 

active electrocatalysts towards the BOR. Non-noble electrocatalysts have been 

investigated with an increasing attention over the years, but with overall low 

performance. A more detailed description of these materials will be presented in section 

III.4. A brief list of the most commonly used noble metals and their respective 

advantages and drawbacks toward the BOR is presented below: 

 Platinum 

Platinum is considered as the best and most commonly used electrocatalyst for the BOR, 

so far. The mechanism of the reaction as it was understood at the start of this PhD will 

be detailed for Pt and Au surfaces in the section “III.1. Current understanding of the 

BOR on Pt electrodes”. This noble metal is also the most active for the hydrogen 

reactions in alkaline medium [132–134], resulting in a good valorization of the 
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hydrogen formed during the BOR and thus 8 electrons produced at relatively low 

potentials. Such activity has also a downside since the Hydrogen Evolution Reaction 

(HER) will quickly become predominant at potentials below E = 0 V vs RHE, resulting 

in a BOR onset potential close to E = 0 V vs RHE. The 400 mV negative shift theoretically 

forecast by the standard potential of the BH4-/BO2- couple is thus not obtained in 

practice. Moreover, Pt is also a good catalyst for the heterogeneous hydrolysis of 

borohydride, which is detrimental for long-term operation in DBFC configuration 

[135,136]. Furthermore, a detrimental self-poisoning effect was reported by Finkelstein 

et al. [137]. It is still (one of) the best electrocatalysts for the BOR but the presented 

issues indicate that the full potential of the borohydride as a fuel cannot be exploited 

with a Pt-based anode. In addition, the high cost and low availability of Pt motivate the 

search of other BOR electrocatalysts. 

 Gold 

Gold is historically the second most investigated BOR catalysts. It was actually the main 

constituent (97% Au, 3% Pt) in the first DBFC anode reported in the literature, by 

Amendola et al. [138]. It was presented as an efficient electrocatalyst towards this 

reaction [125,139–141] because of its low BH4- heterogeneous hydrolysis activity 

(compared to Pt [135]). However, this metal is not an efficient electrocatalyst towards 

this anodic reaction, as reported by Chatenet et al. in 2010 [142], mainly because of too 

high activation potentials translating in a high onset potential (Eonset = 0.3 V vs RHE) 

[143]. It is now mostly studied for fundamental purposes, in particular to understand 

the BOR mechanism [143,144]. However, it is still common to observe new studies 

emerging using Au-based anodes with poor to average activity [145–147]. 

 Palladium 

Palladium is nowadays as much investigated as Pt as an electrocatalyst for the BOR 

because of their similar activity in DBFC configuration [129,148,149]. Actually, the 

highest DBFC power densities reported were obtained using Pd-based anodes instead 

of Pt in both O2 [150] and H2O2 configurations [128,151]. The reasons behind this good 

activity are yet not understood, since the behavior of the BOR on Pd surfaces appears 

largely different from the one occurring on Pt in a half-cell configuration [129,152]. BOR 

on Pd displays low onset potential (-0.2 V vs RHE) with a number of electron exchanged 

varying from 4 to 8 [152,153]. Indeed, the reaction starts with a first partial reaction 

wave (hence the 4 e-). However, few mechanistic studies published so far do not provide 

enough information to unravel this different behavior. 
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I.4.2.2 Cathode materials 

The most used cathode electrocatalyst for both the ORR and HPRR is platinum. Since 

the anodic reaction is usually the main focus in a DBFC system, cathodes are commonly 

highly loaded (typically 1 – 2 mgPt.cm-2) and commercial Pt electrodes are used. They 

are composed of an active microporous layer (MPL) (Pt nanoparticles deposited on 

Vulcan XC-72 + Nafion binder) and a gas diffusion layer (GDL) (carbon paper). That 

way, the cathodic reaction will not be limiting and the BOR can be correctly studied. 

However, some studies still focus the cathodic reaction or aim to develop fully non-

noble DBFC cells therefore avoiding PGM at the anode but also the cathode. In that case, 

several families of ORR catalysts are considered such as MnO2-based [154–156], Co-

based [157,158], Fe-based [159,160] or La-based [121,161] catalyst materials. Similarly 

as the anode, the cathodic efficiency also depends on additional variables such as the 

oxygen partial pressure, relative humidity, gas flow rate etc. that must also be optimized 

for each DBFC configuration in order to reach the full potential provided by the 

electrode materials [120]. 

I.4.2.3 Different membrane configurations 

As mentioned above, both CEM or AEM can be used in a DBFC cell. However, CEMs 

are the most commonly-used due to the commercial availability of Nafion ®. This cation 

exchange polymer is the most developed one and is conventionally used in PEMFC to 

conduct H+ charge carriers from the anode to the cathode. When used in an alkaline 

environment, such as the DBFC, no protons are available, so other cations are used as 

charge carrier instead. The large sodium hydroxide concentration of the anolyte will 

result in a functionalization of the Nafion membrane to conduct Na+ ions to the cathode. 

This spontaneous ion exchange allows the DBFC to operates with a CEM in alkaline 

conditions, but also induces two major issues: (i) the overall conductivity of the 

membrane is divided by 4 (compared to the standard H+ form) [162] resulting in large 

Ohmic losses in the cell. To limit such losses, the thickness of the membrane can be 

reduced, but this will also increase its permeability to BH4- species that will lower the 

cathode efficiency (by establishing mixed potential at the cathode) [163–165]. In the 

end, thinner membranes will still be favored to reach higher power densities. (ii) The 

second issue induced by the conduction of Na+ to the cathode is the formation of solid 

sodium hydroxide. Indeed, Na+ cations will react with the OH- species produced by the 

ORR in alkaline medium to form crystalline NaOH (with some boron species due to 

BH4- crossover) as presented by Jamard et al. [166]. After long-term operation, the 

current collector in the cathodic compartment was largely blocked by solid crystals 

(Figure I.13). 
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Figure I.13. Photograph of the current collector of an air cathode after prolonged 
operation in DBFC conditions, highlighting the formation of solid sodium hydroxide. 
Reprinted from Ref [166]. 

The use of AEM in a DBFC will prevent both issues: OH- charge carriers are conducted 

from the cathode to the anode, the latter not being affected because of already large 

hydroxide concentration; because it is the normal conduction mode, the conductivity of 

the membrane will not be modified and the overall cell ohmic losses will only depend 

on the intrinsic conductivity of the AEM. However, in addition to OH-, BH4- ions will 

also be conducted to the cathode in larger quantities than with a CEM (where they only 

cross the membrane via diffusion), resulting in lower overall OCV of the DBFC unit cell. 

In the past, the chemical stability of such membranes was too low for long-term 

operation and was thus the main lock hindering their use to spread significantly. 

However, the interest in developing stable AEMs largely increased in the last years 

[167], notably because AFCs can operate with non-PGM electrocatalysts. Several DBFC 

studies were presented using AEM [156,168,169], but progress is still required in this 

field. In addition, and following the global trend, several polymer companies such as 

Fumasep ®, Xergy ®, or Sustainion®, started to commercialize AEM and ionomers. 

Overall, the use of such membranes in DBFC is still at an early stage, but impressive 

results obtained in AFCs [170] suggests that the performance will keep increasing.  

The H2O2 DBFC was mentioned to operate with an alkaline anode and acidic cathode 

with a pH gradient of around 14. The two different types of membranes presented above 

are not able to maintain such gradient between the two electrodes and this will result 

in an efficiency loss. To maintain such gradient, bipolar interfaces have been 

investigated with various application targets [171–173] and more recently for 

electrochemical energy converters such as redox-flow batteries [174] and DBFCs 

[151,175–177]. The principle of such interface is rather simple: an Anion Exchange 

Ionomer (AEI) is placed at the anode and a Cation Exchange Ionomer (CEI) at the 
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cathode. Water is dissociate into H+ and OH- (protolysis), inducing a 830 mV junction 

loss described earlier, at their interface supplying both ionomers with their respective 

charge carriers [178]. It was however demonstrated by Shen et al. [179] that in practice, 

the morphology of the junction greatly affects the overall performance of the bipolar 

interface.  

 

I.5 Conclusion and context and objectives of the PhD 
 

The main scientific objective of the 21st century is to limit the global warming of Earth’s 

atmosphere to +1.5°C compared to the pre-industrial era’s average temperature. This 

will only dampen the consequences and a significant climate change is now inevitable, 

and already affects our lives with more heatwaves, tropical storms, etc. To this goal, it 

is mandatory to decarbonize the energy production and utilization currently used all 

around the world. This will most likely be achieved by using emerging renewable 

technologies harvesting energy from sustainable resources such as the wind, solar 

radiations, hydraulic movements, etc. Because of the intermittent nature of renewable 

energies, the development of energy storage systems is required. In addition, the 

standard thermal engines fed by fossil fuels powering all our means of transport must 

also be replaced by GHG emission-free systems. Fuel cells are practical devices to 

convert chemical energy (mainly in the form of hydrogen) to electrical energy and can 

answer these two problematics. The PEMFC is dominating the market due to its high 

versatility and high efficiency. However, for some niche applications, such as the 

powering of portable and mobile devices, other technologies, such as the DBFC, could 

be more suited. Thanks to the solid (for storage) or liquid (for utilization) state of 

borohydride, all the issues of compression, purification, storage, and safety related to 

the use of gaseous hydrogen are avoided. 

The interest in to DBFC has been constantly increasing over the years and the 

performance of this system keeps growing thanks to new materials created especially 

for this “exotic” FC. However, the core of the cell, the anodic BOR, is still not correctly 

understood by the scientific community due to its high complexity. In addition, the 

reaction mechanism can vary depending of the considered electrocatalyst nature. 

Mechanistic studies are thus required for each metal studied in order to understand the 

reaction and to be able to design materials best suited to reach high performance. 

Moreover, one of the primary hindrances to the commercialization of the DBFC 

technology is its high cost, induced by two main factors: (i) the cost of borohydride 

production, (ii) the utilization of Pt at both electrodes.  
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In that context, this PhD aims to answer three main problematics: the understanding of 

the BOR mechanism at noble metal electrodes and particularly in DBFC operating 

conditions; the search of an efficient non-noble metal BOR electrocatalyst; and the 

development and optimization of low-cost DBFC anodes. It is part of the MobiDiC 

(Mobile Direct Borohydride Fuel Cells) project funded by the French National Research 

Agency (ANR). This project aims to fulfil the same objectives as the PhD and to move 

closer to real DBFC systems with the development of a demonstrator prototype system. 

This project includes five institutions with different attributed tasks: (i) the Laboratoire 

d’Electrochimie et de Physicochime des Matériaux et des Interfaces (LEPMI, Grenoble, 

France), represented by Prof. Marian Chatenet, aimed to study the BOR in DBFC 

conditions as well as investigate non-noble metal electrocatalysts and design structured 

DBFC anodes; (ii) the Institut de Chimie et Procédés pour l’Energie, l’Environnement et 

la Santé (ICPEES, Strasbourg, France), represented by Prof. Elena Savinova and Dr. 

Antoine Bonnefont, focused on the mechanistic studies of the BOR in DBFC conditions 

on noble metal electrodes and the simulation of the reaction kinetics as well as the 

investigation of non-noble metal BOR electrocatalysts. The design of DBFC anodes was 

also investigated at ICPEES; (iii) the Laboratoire d’Energetique et de Mécanique 

Théorique et Appliquée (LEMTA, Nancy, France), represented by Prof. Gaël Maranzana, 

performed the DBFC unit cell studies with the materials tested upstream in LEPMI and 

ICPEES; (iv) the Institut Européen des Membranes (IEM, Montpellier, France), 

represented by Prof. Umit Demirci, studied the chemistry of boron species to unveil 

questions on hydrolysis of borohydride as well as possible reactional intermediate 

species.; (v) Pragma Industries (Biarritz, France), represented by Remi Succoja and 

Renaut Mosdale, is the industrial partner of the project and took part in developing the 

DBFC demonstrator prototype. Unfortunately, because of administrative issues, Pragma 

Industries joined the project late and its tasks could not come to fruition.  

This thesis will therefore be built around the three problematic described above and 

structured in four additional Chapters: 

Chapter II presents the materials and methods, used to obtain the results presented 

in this manuscript, such as the electrochemical measurements, the elaboration of 

nickel-based electrocatalysts, the DBFC tests, the computational methods and the 

characterization techniques employed. 

Chapter III focuses on the BOR mechanism on noble metals (Pt, Au and Pd) in DBFC 

operation conditions (high borohydride concentrations): the model proposed by Olu 

during his PhD is updated and a particular attention is given to understand the 

reaction behavior on Pd. 
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Chapter IV deals with the elaboration of efficient non-noble metal BOR 

electrocatalysts, the case of Ni is presented and the effect of its state of surface is 

highlighted.  

Chapter V closes this thesis by presenting efficient non-noble metal DBFC anodes 

using the Ni electrocatalysts developed in Chapter IV. The structure of the anode is 

then optimized and tested in various DBFC configurations with promising results. 
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In this chapter, the experimental setup and procedures will be detailed. First the 

electrochemical measurements will be addressed, with description of how electrodes 

are prepared and how they are used in alkaline medium. The second section will focus 

on the preparation of metallic nickel electrodes, followed by quick descriptions of the 

characterization techniques and protocols used during this PhD. Two different unit 

DBFC setups will be detailed subsequently, with their main difference being the oxidant 

used at the cathode (gaseous O2 or liquid H2O2). To finalize the chapter, the equations 

used for the micro-kinetic modelling will be quickly presented. 

 

II.1 Electrochemical measurements 
 

 Rotating Disk Electrode in alkaline medium 

As mentioned in the previous chapter, the borohydride ion (BH4-) is only stable when 

the pH of the solution exceeds 12. To study the BOR, and thus limit the decomposition 

of the fuel, it is therefore mandatory to work in strong alkaline electrolytes: 1 M or 4 M 

NaOH solutions are prepared from highly pure mono-hydrated sodium hydroxide 

crystals (99.999% purity, Merck Suprapur®) and ultrapure water (18.2 MΩ, <3 ppb total 

organic carbon, MiliQ-gradient + Elix, Millipore®) in order to limit the contamination 

by organic species. This NaOH concentration is changed from 1 M to 4 M when the 

concentration of borohydride is increased to the operation conditions of a DBFC unit 

cell: NaBH4 powder (98+% purity, Merck Suprapur®) is used to obtain solutions with 

[NaBH4] ranging from 10-6 M to 1.5 M. 

The majority of electrochemical measurements made during this PhD are performed 

using a gas-tight 4-electrodes electrochemical glass cell made of Pyrex®. The cell is 

homemade designed and blown by Verre Equipements®. A schematic representation of 

the cell is presented on Figure II.1. First of all, to avoid contamination from silicates or 

other chemicals originating from the glass corrosion in strong alkaline solutions [180], 

the electrolyte is contained in a homemade polytetrafluoroethylene (PTFE, Teflon®) 

beaker placed in the cell. Prior to any measurement, the cell and its annexes are 

immersed in Caroic acid (H2SO5) overnight, to avoid any pollution of the electrolyte by 

organic species normally adsorbed on all surfaces, and then thoroughly rinsed in 

ultrapure water. A Rotating Disk electrode (RDE) (Origatrode®, Origalys) is used as the 

working electrode (WE) support in order to control the convection conditions and vary 

the mass-transport of the active species from the bulk of the electrolyte to the WE 

surface. This WE is usually a polished disk of the studied material encased in a shaft 

(see next section) and screwed to the RDE. A glassy carbon (GC) plate (Sigradur®) is 
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used as the counter electrode (CE) and the current is collected thanks to a gold wire (not 

immersed in the electrolyte to avoid possible contamination by Aux+ cations. In some 

cases, a Pt wire replaces the GC plate as the CE but it will be discussed in the core of 

the text. A homemade reversible hydrogen electrode (RHE), freshly prepared prior to 

each measurement to ensure its stability, is most of the time used as the reference 

electrode. It is sometimes replaced by a commercial mercury/mercurous oxide electrode 

(Hg/HgO in 1 M NaOH, IJ Cambria®). However, the potential value is always converted 

to the RHE scale for clarity (EHg/HgO = -0.926 V vs RHE for 1 M NaOH [181]). 

 

Figure II.1. Diagram of a 4-electrodes electrochemical cell connected to a potentiostat 
to perform electrochemical measurements.  

In usual RDE configurations, only 3 electrodes are used. However, because of important 

perturbations caused by high-frequency (electrical) noise in LEPMI, a fourth auxiliary 

electrode is added in this setup. It consists of a gold or platinum wire slightly immersed 

in the electrolyte (to close the electrical circuit) and connected to the reference electrode 

through a capacitor bridge (usually 100 µF) and will act as a low-pass filter to limit such 

noise on the electrochemical measurements. Finally, a last entry is used to bubble inert 

gas (Ar or N2, 99.999% purity, Messer®) in the electrolyte and deaerate the solution (to 

remove dissolved O2) and therefore limit the contribution of the Oxygen Reduction 

Reaction (ORR) that occurs in the studied potential window and could modify the 
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overall faradic current. These 4 electrodes are connected to a computer-controlled 

potentiostat that applies/measures the desired potentials or currents. During this PhD 

several potentiostats are used: Biologic VMP-2; Biologic SP-150; Gamry REF 600; 

Autolab PGSTAT302F; Solartron PARSTAT. To control the temperature of the cell, a 

cryothermostatic bath is used and allowed characterization at T = [10, 20, 30] °C even if 

the temperature is mainly maintained to ambient conditions. All the electrochemical 

characterizations are ohmic drop compensated in dynamic mode (85%). The typical 

value of this ohmic drop in RDE configuration and 1 M NaOH is comprised between 5 

and 10 Ω depending on the WE surfac. 

In all RDE measurements presented in the core of the manuscript, two different 

potential regions are considered: “the full potential window -0.2 V < E < 1.5 V vs RHE” 

and “the reduced potential window -0.2 V < E < 0.4 V vs RHE”. Prior to any 

electrochemical measurements, each electrode is subjected to two cyclic voltammetry 

(CV) pretreatment steps in supporting electrolyte (1 M NaOH) to clean the surface from 

adsorbates and to always start a characterization from the same initial state: 10 cycles 

at vs = 100 mV.s-1 followed by 5 cycles at vs = 20 mV.s-1 in the potential window studied. 

The typical CVs obtained in supporting electrolyte for Pt, Au and Pd electrode are 

presented in Figure II.2 

 

Figure II.2. CVs in supporting electrolyte (1 M NaOH) of noble mirror-polished noble 
metal electrodes: Pt, Au and Pd. Sgeo = 0.031 cm², vs = 20 mV.s-1, ω = 0 rpm, T = 20°C, Ar-
saturated electrolyte. 
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 Electrodes and catalyst inks preparation 

II.1.2.1 Bulk polycrystalline electrodes 

Before studying the BOR on highly developed surface area electrodes, more 

fundamental measurements are performed in order to investigate the different reaction 

mechanisms on different electrocatalysts. To perform such study, it is important to 

work on a “model” surface. To do so, 2 mm wide Pt, Au, Pd (Sgeo = 0.031 cm²) and 5 mm 

wide Ni (Sgeo = 0.196 cm²) bulk polycrystalline disks (99.9%, MaTecK®) (encased in a 

homemade PTFE (Teflon) or PCTFE (Kel-F) shaft) are polished down to a mirror like 

surface using the following procedure: firstly, the electrode is polished from is rough 

initial state to a near mirror state using mechanical polishing machine and several 

silicon carbide polishing discs (Presi®) with decreasing grain size (from 1600 

grains.inch-2 to 4000 grains.inch-2) for 5 minutes per disc. The electrode is immersed in 

ethanol and sonicated for 5 minutes before using a disk with smaller grains. In order to 

reach a mirror-polished surface, the electrode is then polished by hand using diamond 

pastes (Presi®) with 3 different grain sizes: 6 µm, 3 µm, 1 µm. Between each grain size 

the electrode is immersed in acetone and sonicated for 5 minutes to remove all 

remaining abrasive grains from the surface. After the electrode is polished with the 

smaller grain size (1 µm), the electrode is cleaned using three sonication steps in 

acetone, ethanol and then a mix of ethanol and deionized water for 5 minutes each. The 

electrode is then electrochemically cleaned following the procedure described in the 

previous section. Prior to any electrochemical measurement, to ensure that the initial 

state is always the same, the electrodes are repolished but only from the second step 

(hand polishing using diamond paste). To avoid contamination or scratches, that will 

require to restart the polishing procedure from the beginning, the electrodes are stored 

individually in ultra-pure water (18.2 MΩ, <3 ppb total organic carbon, MiliQ-gradient 

+ Elix, Millipore®) when not used. 

 

II.1.2.2 Nanoparticles ink preparation and deposition 

Nanoparticles supported on carbon substrates, commercially available (Premetek ®) or 

synthetized by collaborators, offer a highly developed surface area and are used in this 

PhD as potential electrocatalysts for BOR applications. However, before testing these 

materials in unit FC, it is important to study their activity towards this anodic reaction 

in RDE configuration. To do so, it is necessary to create a thin layer of electrocatalyst 

on the surface of the RDE tip, that will mimic the behavior of an active layer in a FC 

electrode. A 5 mm wide mirror-polished GC disk (Sgeo = 0.196 cm², Sigradur®) is used 

as the support, because it is completely inactive in the studied potential windows. To 
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obtain a homogenous thin layer, the supported NPs are firstly dispersed in a mix of 

ultrapure water and isopropanol (IPA) using a sonication bath, to form an ink. 

Depending on the nature of the electrocatalyst (nature of the carbon support and metal 

nanoparticles considered) the proportions of IPA and water will vary in order to obtain 

a stable suspension and avoid agglomeration of the catalyst nanoparticles. In general, 

the ratio of IPA over water varies from 33% to 50%. In addition, 5 wt.% Nafion solution 

is added to the ink to act as a binder and provide mechanical integrity to the thin layer. 

The volume of Nafion added is calculated using equation 2.1 and corresponds to 30 % of 

the total mass of carbon dispersed in the ink. 

𝑉Naf =  0.3
𝑚𝑒  ×   𝑙𝑒

0.05 × 𝑑Naf
 (equation 2.1) 

with: 

VNaf = volume of Nafion (µL) 

me = mass of electrocatalyst (mg) 

le = metal loading of the electrocatalyst (wt.%) 

dNaf = density of Nafion (0.874 g.mL-1 at T = 25°C) 

After sonication a calculated volume of ink is deposited on the GC disk to obtain the 

desired loading of metal (40 µg.cm-2 or 100 µg.cm-2 in this work). To obtain a 

homogenous layer of electrocatalyst, the RDE is placed vertically, tip up, and a rotation 

is applied. To facilitate the drying of the ink drop, the GC tip is previously placed in a 

drying oven at 110°C, and a hair dryer blows hot hair at the rotating tip during the 

drying. 

 

 Rotating Ring-Disk Electrode 

The Rotating ring-disk Electrode (RRDE) is a variation of the standard RDE 

configuration where a working electrode disk and a concentric sensor electrode ring, 

are used simultaneously [181]. The main use of this technique is to detect soluble species 

produced during an electrochemical reaction at the disk surface: once a reaction 

intermediate exits/desorbs from the surface and leaves the diffusion layer, it will be 

swept away from the disk due to the laminar flow of the electrolyte induced by the 

electrode rotation and will pass in front of the ring. If the correct potential is applied at 

the ring to oxidize/reduce this specie, its current will be modified when such species is 

produced at the disk. In the case of the BOR, this technique is used to determine if BH3,ad 

species are formed on Pt or Au surfaces along the reaction. It is possible to detect such 

species once they desorb into BH3OH- using a gold ring, as first demonstrated by 

Krishnan et al. [182]. Indeed, gold is capable to catalyze the oxidation of borane species 

at 0.2 V vs RHE, while remaining inactive towards the BOR [183–185]; so by 
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maintaining this potential at the ring when a CV is performed at the disk (Pt, Au or Ni) 

a detection current of BH3OH- can be obtained and compared to the corresponding 

potential applied on the disk. Figure II.3 presents a schematic representation of such 

measurement. 

 

Figure II.3.Schematic representation of the detection of BH3OH- intermediate species 
of the BOR using an Au ring in RRDE configuration: a CV in the studied potential window 
is performed at the disk while the ring potential is maintained at E = 0.2 V vs RHE. 

The RRDE measurements are performed using a Pine Research® rotator and two RRDE 

tips: a Au/Pt obtained by using at 5 mm wide mirror polished Pt disk (Sgeo = 0.196 cm²) 

assembled in a “change-disk” tip from Pine Research® with a gold ring (Sgeo = 0.110 

cm²); an Au/Au “ThinGap RRDE tip” (Pine Research®) composed of a Sgeo = 0.196 cm² 

disk and a Sgeo = 0.036 cm² ring. The collection efficiency of both tips is determined, 

using potassium ferrocyanide as detailed on Figure II.3, to be 20.6% and 18.8% at ω = 

2500 rpm for the Au/Pt and Au/Au assembly, respectively. 

 

Figure II.4. Collection efficiency measurement curves for (a) Au-Au and (b) Pt-Au. Fe3+ 
is reduced on the disk and the Fe2+ produced is oxidized back when passing over the ring. 
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The oxidation current is smaller so not all species produced are detected by the ring, 
hence the introduction of a collection efficiency. 

II.2 Metallic nickel catalyst preparation 
 

In this PhD, one objective is to replace noble metals by non-noble Ni electrocatalyst. 

Because of the propensity to nickel to naturally oxidize under air, special care and 

techniques are required to obtain a metallic Ni surface and maintain it in this state of 

surface. However, synthetizing Ni nanoparticles with usual chemical procedures 

requires a passivation step to avoid auto-combustion of the obtained NPs. Hence, 

irreversibly oxidized surfaces that are rather inactive towards the BOR are usually 

obtained. Prior to the elaboration of DBFC anodes, a preliminary study is performed in 

half-cell conditions using a RDE working electrode. 

 

 Nickel nanoparticles electrodeposition on carbon support 

The most convenient way to obtain metallic NPs is to perform an electrodeposition of 

Ni from an electrolyte containing nickel salt onto carbon supports, such as Vulcan XC-

72R. This procedure has been developed by Oshchepkov [186,187] and is detailed here 

after. First, the highly developed carbon support is prepared prior to the 

electrodeposition: a suspension containing only Vulcan XC-72R, previously milled, is 

obtained using the same mixture of IPA and water described previously. The content of 

carbon is 1 mg.mL-1 and the amount of Nafion used is reduced in order to reach an I/C 

ratio of 5 wt.%. Similarly to other nanoscale electrocatalysts, a thin layer of carbon (100 

µg.cm-2) is deposited on a GC (Sgeo = 0.196 cm²) RDE tip, previously mirror-polished and 

cleaned. Once the ink drop is dried, resulting in a homogenous layer, the electrode is 

rinsed in water and then characterized in a supporting electrolyte (1 M NaOH) to 

compare the CV profile before and after the electrodeposition of Ni: the conditioning 

CVs described previously are applied in the [-0.2 – 0.4] V vs RHE potential range. After 

another rinsing in water, to avoid contamination of the electrodeposition bath with 

NaOH, the electrode is transferred to the electrodeposition cell.  

This independent electrochemical cell uses the same design as the one described in 

section II.1. The electrodeposition bath contains 0.01 M NiSO4 • 6 H2O (99.97%, Alfa 

Aesar) + 0.1 M (NH4)2SO4 (99+%, Alfa Aesar). Because its pH is neutral, the homemade 

RHE or Hg/HgO references are replaced by a mercury/mercurous sulfate (MSE, 

EMSE = 0.65 V vs NHE in saturated K2SO4 at T = 25°C [181]) electrode. The CE used is a 

Pt wire, but no contamination by Pt redeposition has been observed on the final 

electrocatalyst support (see Chapter IV). Once the WE is immersed in the electrolyte, 
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the following electrodeposition procedure, consisting of two successive potentiostatic 

steps, is performed: purge the electrolyte by inert gas during 7-10 min; direct the gas 

flow above the solution during the deposition, apply the rotation and start 

electrodeposition after measuring an OCP value (for 30s): E1 = -1.5 V vs MSE, t1 = 15 s; 

E2 = -1.25 V vs MSE, t 2= 210 s; ω = 400 rpm; in all cases, a gas flow is placed above the 

electrolyte (typical electrodeposition transients are shown on Figure II.5). At the end of 

the procedure, quickly dip the WE in water to remove any trace of the electrodeposition 

bath electrolyte and place it back in the characterization cell. 

 

Figure II.5. Ni deposition transients obtained for NiED/XC-72R in a deaerated 0.1 M 
(NH4)2SO4 + 0.01 M NiSO4 bath. The deposition parameters are as follows E1 = -1.5 V 
(15 s), E2 = -1.25 V (210 s), ω = 400 rpm, T= 25ºC. Formation of gas bubbles (due to the 
simultaneous H2 evolution) was observed during the deposition. 

Once the deposition is done, a second characterization in supporting electrolyte (1 M 

NaOH) is performed to measure the surface area of Ni deposited: three CVs are 

measured successively, [-0.2; 0.4] V vs RHE, vs = 20 mV.s-1, 3 scans (stop at -0.2 V vs 

RHE); [-0.06; 0.4] V vs RHE, vs = 20 mV.s-1, 3 scans (stop at -0.06 V vs RHE); [-0.2; 0.4] V 

vs RHE, vs = 20 mV.s-1, 2 scans (stop at -0.2 V vs RHE).  

 

 Electrochemical Surface Area Determination 

It is possible to determine the Electrochemical Surface Area (ECSA) of the deposited Ni 

NPs using the CV acquired in supporting electrolyte (as described above). Machado and 

Avaca demonstrated that the charge under the transition peak from Ni to surface α-
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Ni(OH)2 can be used to obtain the electrochemically available surface area of metallic 

sites using 0.514 µC.cm-2 as the specific charge [188]. Other techniques are also used to 

determine the ECSA such as the determination of the double layer capacitance [189–

193] or using oxalate salt [194]. These other techniques will give the total ECSA of the 

electrode while only the metallic ECSA will be obtained using Machado’s method. 

However, the former requires cycling the Ni electrode up to high potential, resulting in 

an irreversible oxidation of the surface (E > 0.5 V vs RHE) (see Chapter IV) and should 

therefore be avoided to keep a metallic state of surface. The first method is therefore 

used in this work, but it is important to keep in mind that it also presents certain 

limitations. Only the metallic sites are considered for the surface determination; so if a 

portion of the surface is oxidized, intentionally (see the next section) or during the 

transfer from the electrodeposition bath to the characterization cell, the resulting ECSA 

will decrease; also, if adsorbed (or absorbed) hydrogen is formed at the surface, its 

oxidation will contribute to the overall anodic charge and thus modify the ECSA value 

[188].  

 

Figure II.6. CV of a NiED/C electrode in supporting electrolyte (1 M NaOH) in the 
reduced potential window (-0.06 < E < 0.4 V vs RHE). The stripped area corresponds to 
the integrated charge (once corrected from the scan rate) used in the ECSA determination 
calculus. 

To limit the influence of absorbed hydrogen, the last cycle of the second CV stopping 

at -0.06 V vs RHE measured in supporting electrolyte (1 M NaOH, vs = 20 mV.s-1) is 

used. This low potential limit is chosen to avoid formation of absorbed hydrogen and to 
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fully reduce the α-Ni(OH)2 layer formed in the anodic sweep [187]. The anodic current 

is integrated (hatched area in Figure II.6) and the resulting area is divided by the scan 

rate and the specific charge to give the metallic ECSA of the Ni electrode.  

 

 Intentional oxidation of Ni surfaces  

To modify the electrochemical behavior of Ni surfaces, intentional oxidation procedures 

are performed at two different degrees, resulting in partially and strongly oxidized 

electrodes. These oxidation procedures are based on the irreversible transition from the 

α-Ni(OH)2 phase to the β-Ni(OH)2 one when the applied potential exceeds E = 0.5 V vs 

RHE (see Chapter IV).  

 

Figure II.7. CVs of NiED/C electrode in supporting electrolyte (1 M NaOH) at the three 
different oxidation states: (1) metallic; (1) partially oxidized; (3) strongly oxidized. N2-
saturated electrolyte, vs = 20 mV.s-1, ω = 0 rpm, T = 25 °C. 

The partially oxidized electrodes are obtained by applying one cycle up to E = 1.2 V vs 

RHE at vs = 50 mV.s-1 in supporting electrolyte, which results in a surface significantly 

more active towards the hydrogen reactions (see Chapter IV). The typical CV in 

supporting electrolyte of such state of surface is represented on Figure II.7, where the 

Ni/α-Ni(OH)2 transition peak is drastically reduced compared to the initial metallic 

state, confirming an important state of surface modification. The same anodic peak is 

even smaller on strongly oxidized electrodes, obtained after either prolonged storage 

under air atmosphere or by cycling 10 times up to E = 1.2 V vs RHE at vs = 50 mV.s-1 in 

supporting electrolyte. Some metallic sites are however still present at the electrode 

surface, as demonstrated by the cathodic peak monitored at E = 0.05 V vs RHE. Figure 
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II.7 presents CVs obtained on NiED/C electrodes but such oxidation procedure can be 

performed on any metallic nickel surface. 

 Surface treatments on 3D structured Ni supports  

In order to replace carbon supported electrodes usually used in fuel cells, two different 
3D nickel structures are investigated. The first one is a commercial nickel foam from T-
Max Battery Equipment®, with a thickness of 1.5 mm (later mentioned as NFM). The 
second one is a commercial nickel felt from Sorapec®, with a thickness of 0.5 mm and 
composed of randomly dispersed 20 µm thick wires (later mentioned as NFT). Two 
different electrode sizes are considered in this study: 0.196 cm² samples (5 mm diameter 
disks) are utilized for the RDE configuration and 8 cm² (2 x 4 cm) ones for DBFC anodes. 
These disks are cut and then tucked in the RDE tip where the GC cylinder is pushed 
back inside the PTFE shaft to compensate the thickness of the nickel sample (the typical 
Ohmic resistance with this configuration is between 4 and 8 , ensuring a good 
electrical contact between the GC and Ni). Different surface treatments, aiming to 
remove oxides from the initially strongly-oxidized surface of the two nickel materials 
are presented. 

II.2.4.1 Hydrogen reduction treatment 

At first, a heat treatment under hydrogen atmosphere are considered to reduce the oxide 

layer and obtain metallic surfaces. The procedure used is inspired by Serov’s group 

[195–197], and is performed in the following conditions: the samples are heated up to 

400°C with a 20 K.min-1 ramp under a 10% H2 in N2 atmosphere flowing at 100 mL.min- 1 

for 60 min. After natural cooling at room temperature the oven is purged with N2 for 15 

min followed by a flow of 3% O2 in N2 at 100 mL.min-1 to slowly passivate the sample 

and avoid metallic Ni to burst into flames upon contact with the ambient atmosphere. 

II.2.4.2 Acid Etching procedures  

The second approach to obtain a metallic surface on the Ni support is to physically 

remove the top oxidized layers of the material and reveal the underlying metallic sites. 

To do so, several etching procedures in acidic media are performed on both 3D Ni 

structures. 

 Acid etching in concentrated weak acid 

An acid etching (AE) bath, composed of ascorbic acid (2 M C6H8O6 99.9%, Sigma 

Aldrich®) in ultrapure water, is contained in an independent electrochemical glass cell 

of the same design as shown in Figure II.1. Such a cell is used to purge oxygen from the 

bath and to enable rotating the RDE. The weak ascorbic acid is chosen as the etchant so 

that the Ni structures are not completely dissolved in a short amount of time. The Ni 

structures are first characterized in supporting electrolyte (1 M NaOH) then quickly 
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rinsed in ultrapure water and transferred in the AE cell, previously purged from O2 

using Ar or N2 for at least 10 min, and thermostated at T = 25 °C. The rotation of the 

RDE is set to ω = 400 rpm, to ensure a good supply of species throughout the whole 

sample thickness. After 2 hours, the electrode is rinsed again in water and transferred 

back to the electrochemical cell to characterize the state of the surface post AE. 

 Electro-assisted acid etching in weak acid 

The second treatment is an electro-assisted AE. A potential is now applied to reduce the 
time of etching. To ensure a good conductivity, 0.1 M (NH)2SO4 (99+%, Alfa Aesar®) is 
added to the 2 M C6H8O6 solution. A Pt wire is used as the CE and a saturated calomel 
electrode (SCE) is used as the reference. After the same conditioning in supporting 
electrolyte (1 M NaOH), the RDE tip is immersed in the electro-etching bath and 1 min 
potentiostatic measurements at E = 0.75 V vs RHE are applied for t = 1 min. Such step 
can be reproduced up to 10 times to vary the amount of Ni etched from the electrode. A 
linear relation is observed between the etching time and the Ni mass removed, until a 
critical time where the integrity of the structure is compromised. The electrode is then 
rinsed in water and characterized post AE in supporting electrolyte. 

 Acid etching in concentrated strong acids 

The third AE treatment is reproduced from Jerkiewicz’s group [189] and consists in 
immersing the samples in a mixture of strong acids: 50% of CH3COOH (glacial, Carl 
Roth®), 30% HNO3 (>65%, Carl Roth®), 10% H2SO4 (96%, Carl Roth®), 10% H3PO4 (>85%, 
Sigma Aldrich®). The immersion time varies depending on the Ni structure used: t 
= 90 s for the NFM and only t = 30 s for NFT. If the NFT is etched for a longer time, too 
much Ni is dissolved and the mechanical strength of the electrode is significantly 
reduced (Figure II.8), the electrode is completely dissolved after around t = 50 s. 

 

Figure II.8. SEM images of etched NFT for too long at ×500 and ×5k magnification. 
Grain boundaries are severely attacked, weakening the overall NFT structure. The Ni 
wires composing the felt are pierced and reveal a hollow structure. 
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II.2.4.3 Ni electrodeposition on etched Ni support 

Once the 3D Ni substrates are in the right state of surface (after AE), they can be used 

as support to electrodeposit Ni NPs. The electrodeposition procedure is thus reproduced 

in the same conditions using the Ni structure tucked in the RDE instead of the standard 

XC-72R thin layer deposited on GC. The typical deposition transient obtained using the 

NFT support is presented on Figure II.9. 

 

Figure II.9. CA transients obtained during the electrodeposition of nickel NPs on the 
nickel foam in a 0.01 M NiSO4 + 0.1 M (NH4)2SO4 electrolyte. The electrode is agitated at 
400 rpm to ensure no electrolyte replenishment in the pores of the material during the 
deposition. The reference used in this medium is a Mercury/Mercurous Sulfate (MSE) 
electrode. 

 

II.3 Characterization techniques 
 

 Microscopy methods 

II.3.1.1 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) is used to observe the surface and 

morphology of nanoscale objects such as the NPs supported on carbon used as BOR 

electrocatalysts in this work. NixM materials synthetized either by Prof. Atanassov’s 

group at University of New Mexico (now at University of California, Irvine) or by Prof. 

Dekel’s group from Technion, Israel Institute of Technology, are characterized by M. 

Chatenet in the “Laboratoire des Matériaux et du Génie Physique” (LMGP Grenoble-
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INP, Grenoble, France) using a LaB6 Jeol 2010 TEM, operating at 200 kV with a 0.19 nm 

resolution.  

Electrodeposited NiED/C electrocatalysts are also characterized by TEM: the thin layer 

of a NiED/C sample, prepared upstream, is gently scratched from the GC support and 

deposited on a Cu TEM grid. Microstructure analysis of this sample is performed using 

a JEOL 2100F microscope operating at 200 kV by C. Ulhaq-Bouillet in the Institut de 

Physique et Chimie des Materiaux de Strasbourg (IPCMS, Strasbourg, France). 

II.3.1.2 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is used to observe samples too large for TEM or 

too thick to allow the electron beam to be detected in transmission mode. This 

microscopy technique also allows better imaging of the topography of the surface of a 

sample by capturing low-energy secondary electrons (SE). The acceleration tension of 

the beam is thus smaller than a TEM: typically, 3 kV for SE imaging). Chemical contrast 

can also be observed using backscattered electrons (BSE), allowing to easily observe 

samples presenting different local compositions. The composition itself can then be 

determined using X-Ray Energy Dispersive Spectroscopy (X-EDS) (see next section). 

The morphology of NiED/C electrodes was observed by T. Dintzer in Institut de Chimie 

et Procédés pour l'Energie, l'Environnement et la Santé (ICPEES, Strasbourg, France) 

using a JEOL JSM-6700F at an accelerating voltage of 6 kV. The same observation was 

done on NiED/GDE samples for both low and high loading of Ni, revealing formation of 

agglomerates.  

 

Figure II.10. SEM images of (a, b, c) sintered polycrystalline nickel foam (NFM), (d, e, 
f) nickel felt (NFT) composed of 20 µm thick polycrystalline wires at different 
magnifications: (a, d) ×30; (b, e) ×x500; (c, f) ×5000.  

The 3D Ni structures are characterized by SEM at every stage of their elaboration: 

pristine, after AE, after electrodeposition of Ni NPs and after deposition of anion 
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exchange ionomer. They are imaged by R. Martin in Consortium des Moyens 

Technologiques Communs (CMTC Grenoble-INP, Grenoble, France) using a Zeiss ® 

Gemini SEM-500 operating at 3 kV or 15 kV for SE and BSE mode respectively. The 

initial morphology of both structures can be observed in Figure II.9. 

Pt/GDL samples synthetized in Université de Technologie de Troyes (UTT, Troyes, 

France) were characterized using a Hitachi UHR FEG-SEM SU8030 microscope 

operating at 5 or 10 kV with a work-distance < 6 mm. 

 

 Structural and compositional characterization 

II.3.2.1 X-Ray Energy Dispersive Spectroscopy 

X-EDS is a complementary tool to the SEM and allows to determine the chemical 

composition of a sample as mentioned previously. X-EDS analysis of both Ni structures 

are performed by R. Martin using an EDAX ® OCTANE ELITE 25 spectrometer 

incorporated in the Zeiss ® Gemini SEM-500 chamber, operating at 15 kV, in CMTC 

(Grenoble, France). The X-EDS spectra of the pristine NFM and NFT can be found on 

Figure II.12 and II.13, respectively. Performing quantitative analysis of the composition 

requires specific conditions and is often used improperly. In this case the analysis will 

be limited to a qualitative observation of the samples composition: NFM only presents 

Ni, while NFT is mainly composed of Ni, but impurities such as Fe, Mo or Cr are also 

detected. 
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II.3.2.2 X-Ray Diffraction Spectroscopy 

The crystallographic structure of both Ni structures (NFM and NFT) have been analyzed 

by T. Encinas in CMTC (Grenoble, France) using a Bruker ® D8 ADVANCE 

Diffractometer using a Cu radiation source. The resulting 2 θ diffraction patterns 

(Figure II.11) are compared to reference X-ray patterns for Ni (cubic Fm-3m (225)). 

Because of the very open porosity of the NFM structure, a small asymmetry on the left 

side of each peak is detected (Figure II.11a) and assigned to the diffraction of lattices in 

depth compared to the surface of the sample. A small shift to the left of each peak is 

detected on the NFT XRD pattern (Figure II.11b) and assigned to the contribution of 

possible impurities in the lattice, slightly modifying the lattice parameters of the material. 
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Figure II.13.XRD pattern of (a) the NFM and (b) the NFT, compared to the theoretical 
pattern of Ni (cubic Fm-3m (225)) (red lines).  

 

II.3.2.3 Inductively coupled plasma atomic emission spectrometry 

Inductively coupled plasma atomic emission spectrometry (ICP-AES) is used to 

determine the average mass of Ni deposited during the elaboration of NiED samples. 

Because this analysis is destructive, several dedicated samples are prepared upstream 

according to the following procedure:  

Electrodeposited samples are prepared according to the usual procedure and 

characterized in supporting electrolyte to be able to correlate the ECSA to the measured 

Ni mass. ICP-AES requires liquid samples, so it is necessary to dissolve the Ni catalyst 

layer in 30% HNO3 solution from either the top surface of GC cylinder or the surface of 

SGL paper (for DBFC anodes, see next section). To that goal, the whole surface covered 

by Ni NP is immersed in a glass jar, placed under a stove, containing 2 mL of 30% HNO3 

(Fisher Scientific) solution for t = 60 min at T ≈ 50 °C. The solution is agitated during 

the whole dissolution procedure using a magnetic bar. When operating with Ni/GDE, a 

special attention is given to cover the tweezer holding the sample by Teflon tape to 

avoid contamination of the analyzed solution with other metallic species. 

A part of the solution may be evaporated during the heating. In order to consider this, 

one should check the volume of the solution after the heating and add some amount of 
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ultrapure water if necessary. The total volume should be less than 3 mL for dissolved 

NiED/XC-72R samples in order to not be inferior of the detection limit of ICP-AES. For 

the reference sample, a solution with 20-30 µg of Ni is prepared by adding the calculated 

amount of 0.01 M NiSO4 electrolyte to the jar with 30% HNO3 solution. 

The ICP-AES analysis was performed by A. Boos at Institut pluridisciplinaire Hubert 

Curien (IPHC - UMR 7178, Strasbourg, France). 

 

 Coupled spectroscopic methods 

To obtain precise information of reaction products of the BOR on different 

electrocatalysts, the use of coupled spectroscopic methods is required to detect in situ 

the intermediate species and products at a given applied potential. 

II.3.3.1 Differential Electrochemical Mass Spectrometry 

The Differential Electrochemical Mass Spectrometry (DEMS) is a technique used to 

identify the gaseous or volatile species produced at the interface of an electrode during 

an electrochemical reaction: such species are sucked and accelerated towards the mass 

spectrometer by a vacuum cascade. The experimental setup developed at LEPMI by M. 

Chatenet and V. Martin is directly inspired by Refs. [198–200] and a schematic 

representation is given by Figure II.14: a homemade RHE is freshly prepared prior to 

each experiment, a Pt wire is used as the CE and an RDE is placed vertically. A bare GC 

disk is used and the electrode is not connected to the potentiostat, it only serves to 

agitate the solution and induce a “controlled” mass-transport at the WE. However, the 

exact flow of electrolyte brought to the WE is not perfectly defined, so no calculation 

involving mass-transport dependencies can be performed using this setup. Indeed, the 

WE is placed at the bottom of the cell and pressed against three piled Teflon membranes 

positioned on a steel frit for mechanical support. This way, the volatile species produced 

at the electrode can pass through these porous membranes, while a good water tightness 

is maintained. This configuration also requires the WE to be highly porous, otherwise 

no species could be detected by the MS. To that goal, sputtering deposition of Pt, Au or 

Pd is performed on a PTFE membrane to obtain a 50 nm thick porous structure used as 

the WE. Because it is placed at the bottom of the cell, a gold ring is pressed against the 

electrode and used as the current collector. For the DEMS study of Ni, the etched NFT 

is used as the WE and the gold ring is replaced by a strongly oxidized (in order to 

decrease its BOR activity) Ni one. 
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Figure II.14. Schematic representation of a Differential Electrochemical Mass 
Spectrometer cell. A cut view of the interface between the electrolyte and the vacuum is 
detailed in the insert. 

In this work, DEMS measurements are used to detect the release of H2 during the BOR. 

To do so, usual BOR CVs in 1 M NaOH + 5, 50, or 500 mM NaBH4 in the desired potential 

window, [-0.2, 1.3] V vs RHE for noble surfaces and [-0.2, 0.4] V vs RHE for Ni, are 

performed at vs = 10 mV.s-1, to allow a better detection of species with the MS. It is 

possible to convert an ionic current, measured by the MS, to the faradic one, measured 

by the potentiostat if a calibration step has been performed for this specific current. In 

the present case the H2 production is calibrated for each experiment using a CV in the 

HER region in supporting electrolyte (1 M NaOH). Because the detected H2 in this 

region is only produced by the faradic HER (before addition of borohydride), the 

measured Im/z=2 current (corresponding to H2) can be converted to the maximum faradic 

current, giving a calibration constant Kcalibration and the corresponding H2 equivalent 

current IH2,eq. The calibration curves as well as their calibration constants for the 4 

different electrodes are presented in Figure II.15. 
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The H2 contributions from the supporting electrolyte (from the HER) or from the BOR 

(or the hydrolysis of BH4-) cannot be distinguished using standard NaBH4 electrolyte. 

To go beyond this uncertainty, deuterium-substituted NaBD4 (98% purity, Sigma 

Aldrich) can be used in the same concentrations in NaOH, H2O. That way, Im/z=3 and 

Im/z=4, corresponding to the detection of HD and D2 species respectively originating 

from the BD4- reaction, are now detected and differentiated from the Im/z=2 contribution 

from water reduction. Using isotopic borodeuteride species for DEMS measurements 

has been performed firstly by Jusys et al. [201]. 

II.3.3.2 In situ Fourier Transform Infra-Red spectroscopy 

In situ Fourier Transform Infra-Red spectroscopy (FTIRS) has been performed to detect 

intermediate species and products produced during the BOR on Ni electrodes. This part 

of the experimental work is made by A. Oshchepkov and A. Bonnefont using a Bruker 

IFS 66v/S FTIR spectrometer (ICPEES UMR7515, Strasbourg, France). The experimental 

setup used in thin layer configuration, described by Figure II.16 and, is composed of an 

electrochemical glass cell with a similar design as the DEMS one (the bottom of the cell 

is open). A Ni disk, freshly polished to be in metallic state, is used as the WE and pressed 

against a ZnSe prism in thin film mode; a Pt wire is used as the CE and a homemade 

RHE freshly prepared before each experiment as the reference. The spectrometer 

chamber is continuously purged with N2 and the IR spectra are acquired with a N2 

cooled MCT detector (double-sided acquisition) with 3 mm diaphragm at 40 kHz in the 

[4000, 700] cm-1 wavenumber range with a 4 cm-1 resolution. Every spectrum recorded 

is averaged based on 256 individual measurements.  

 

Figure II.16. Schematic representation of the in situ FTIRS setup using a ZnSe prism. 
The thin layer is detailed on the right-hand side with the expected intermediates or final 
products of the BOR. 
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The following procedure is used to acquire a spectrum in BOR conditions every 100 mV 

from Eoc to E = 0.4 V vs RHE: (i) polish the Ni disk down to a mirror surface (using 0.3 

µm Al2O3) to reveal metallic sites, (ii) record 3 consecutive CVs in 0.1 M NaOH: from -

0.2 to 0.4 V vs RHE at vs = 100 mV.s-1; from -0.06 to 0.4 V vs RHE at vs = 20 mV.s-1: from 

-0.2 to 0.4 V vs RHE at vs = 20 mV.s-1, (iii) add 0.2 M NaBH4 in the electrolyte, (iv) record 

a BOR CV from -0.2 to 0.3 V vs RHE at vs = 20 mV.s-1, (v) apply E = Eoc then press the 

disk against the prism and record the background spectrum at Eoc, (vi) apply 100 mV 

steps from Eoc to E = 0.4 V vs RHE and record 11 consecutive spectra at each potential 

step. 

Similarly as the DEMS study, the measurements are also performed using deuterated 

species such as NaBD4 or even NaOD (in deuterated water) to differentiate the 

contributions originating from the fuel or the solvent. Reference spectra are recorded 

at Eoc using various boron-based species: NaBH4, NaBD4, NH3BH3 (97% purity, Sigma 

Aldrich), NaBO2 (99+ purity, Sigma Aldrich), Na2B4O7 (99.5+% purity, Sigma Aldrich) to 

measure several B-based bonds (Figure II.17). Each peak is attributed to a bond using 

Refs [202–205]. 

 

Figure II.17. Reference FTIR spectra in thin layer configuration using a freshly polished 
Ni electrode and various boron-based species: NaBH4, NaBD4, NH3BH3, NaBO2, Na2B4O7, 
in either 0.1 M NaOH or 0.1 M NaOD (in deuterated water). 
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II.4 Fuel Cell tests 
 

Different anodes are elaborated using the NiED electrocatalysts previously described at 

the RDE scale. Collaborators from Université de Technologie de Troyes (UTT, Troyes, 

France) developed an elaboration procedure to deposit Pt NP directly in the pores of a 

gas diffusion electrode (GDE). DBFC unit cells are tested in two different configurations: 

a BH4-/O2 setup in Laboratoire d’Energétique et de Mécanique Théorique et Appliquée 

(LEMTA, Nancy, France), and a fully liquid BH4-/H2O2 setup in Washington University 

in Saint Louis (Saint Louis, United-States). 

 

 Anode preparation 

II.4.1.1 NiED/GDE anode elaboration procedure 

At first, the electrodeposition procedure of metallic Ni NPs is adapted to create the 8 cm² 

(4 × 2 cm) anode fitting in the DBFC setup of LEMTA (see next section). The adopted 

procedure is used to deposit NP directly in the pores of a carbon paper (SGL Sigracet® 

25AA), usually used as a gas diffusion layer (GDL).  

The SGL carbon paper is first conditioned in HNO3 prior to ED to decrease the 

hydrophobicity of the carbon and allow the electrolytes to penetrate all the pores. The 

same electrodeposition bath and cell as the first deposition procedure are used for this 

upscaled one but with an increased concentration of active species: 0.1 M NiSO4 + 0.1 M 

(NH4)2SO4; RE = MSE (0.96 V vs RHE); CE = Pt wire; Glass Cell with one compartment 

at room temperature as described in section II.1.1. The electrodeposition step is modified 

to one repeatable step now called pulse consisting of 3 successively applied potentials: 

E1 = 0.03 V vs RHE (conditioning step to avoid current overloads) for t1 = 10 s for the 

first pulse and 5 s for the following ones. E2 = -0.74 V vs RHE for t2 = 10 s; E3 = -0.54 V 

vs RHE for t3 = 120 s without IR compensation.  

Two differently loaded NiED/GDE electrodes are obtained using this procedure: 

NiED/GDE-L after one pulse, NiED/GDE-H after 6 pulses. The typical ED transients of 

these two samples are represented in Figure II.18.a. and b, respectively. 

 Procedure to elaborate NiED/GDE electrode 

1) Soak in conc. HNO3 solution during t = 5 min to improve the hydrophobicity; 

2) Sonicate in water for t = 5 min; 

3) Put in the cell with 1 M NaOH and record CVs with IR compensation (80% of Ru); 
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4) Sonicate in water for 3 min; 

5) Sonicate in 0.1 M NiSO4 + 0.1 M (NH4)2SO4 for t = 5 min; 

6) Electrodeposition step: applied n pulses depending on the loading required (1: low 

loading - L; 6: high loading -H); 

7) Rinse in water to avoid transfer of Ni2SO4 in the supporting electrolyte;  

8) Move the electrode in the characterization cell with 1 M NaOH and record CVs:  

[-0.2; 0.4] V vs RHE, vs = 20 mV.s-1, 3 scans. 

 

Figure II.18. Ni electrodeposition transients obtained with the upscaled procedure.to 
create (a) NiED/GDE-L with a single pulse and (b) NiED/GDE-H with 6 pulses in N2 
saturated 0.1 M NiSO4 + 0.1 M (NH4)2SO4. 

II.4.1.2 NiED-based anodes elaboration using Ni support 

Similarly as the RDE samples, this upscaled electrodeposition procedure is applied to 

the 3D Ni structures. At this stage of the study, NFT samples proved superior 

performance towards the BOR and a more suited morphology as anode support than 

NFM; so the latter is no longer considered. First, the AE step is performed to the 8 cm² 

NFT samples. Electro-assisted AE is no longer possible because of this large surface 

area; the applied currents exceeded the potentiostat limits. To save time, the 30 seconds 

AE in strong acids is preferred over the 2 hours AE in ascorbic acid: the 8 cm² samples 

are fully immersed in the AE bath for t = 30 s then rinsed in ultrapure water before 

characterization in supporting electrolyte (1 M NaOH) in the electrochemical cell. To 

facilitate the manipulation of the electrode, the samples are cut with a 1 cm² annex at 

one side. The current is collected using a Ni wire (1 mm thick, 99.9% purity, MaTecK) 

attached to this annex. Next, the same upscaled ED procedure presented above is 

applied to the etched NFT (6 pulses) producing NiED/eNFT anodes. After a last 

characterization in 1 M NaOH, the annex is removed before installation in the DBFC 

cell. Because the nature of the support and the NP is similar no ICP-AES analysis could 

be performed and thus the loading of deposited Ni cannot be obtained. 
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II.4.1.3 Pt/GDL anode elaboration 

In order to compare fairly the Ni-based electrodes to Pt electrocatalysts, Pt nanoparticles 

are (chemically) deposited directly in the volume of a carbon GDL (Pt/GDL) from SGL 

Carbon (Sigracet® - 25AA) not bearing any microporous layer (no Vulcan XC72 carbon 

+ PTFE added). Prior to this deposition, the GDL substrate is cleaned firstly with a Caroic 

acid solution to remove all organic residues from the substrate, then with demineralized 

water and dried in air stream. The Pt nanoparticles average size (between 5 and 6 nm) and 

size distribution are measured from SEM images (Figure II.19); the total loading is 

0.16 mgPt.cm-2. This procedure has been developed and performed by F. Asonkeng and 

T. Maurer in Université de Technologie de Troyes (UTT, Troyes, France) and no 

additional details can be given at this stage (proprietary). 

 

Figure II.19.SEM images of (a, b, c) Pt nanoparticles deposed in the volume of a carbon 

GDL (Pt/GDL) at different magnification. a) Inside the volume of a GDL made of carbon 

fibers at x300k; b) carbon fiber of 6µm in diameter supported of Pt nanoparticles at x11k; 

c) Pt nanoparticles distributed on the surface of carbon fiber. d) Particle size distribution 

of Pt/GDL electrodes (imageJ software). 

II.4.1.4 Preparation of the SEBS55 polymer and deposition on Ni-based anodes.  

The preparation of the Styrene-ethylene-butylene-styrene (SEBS) polymer has been 

reported in Refs [151,169] and is reproduced with the help of Z. Wang and S. 
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Sankarasubramanian. The solution of chloromethylated SEBS55 (55:45 molar ratio of 

styrene to rubber) in chlorobenzene is used to coat the NiED/eNFT anodes by two 

methods. The first one is directly adapted from the coating technique used by Wang et 
al. [151] and consists of spraying the SEBS solution directly onto the previously-

prepared NiED/eNFT electrode using an air brush (Badger model 150) fed by nitrogen 

(N2, 99.999% purity). The sample is placed on a heating plate (70°C) to evaporate 

remaining water present in the thickness of the felt and also to evaporate the 

chlorobenzene, producing a layer of SEBS-55 on the NiED NPs. Once the polymer 

sprayed on the surface, the sample is immersed in a solution of 1-methyl-2-

pyrrolidinone (NMP) (20 mL) and trimethylamine (TMA, 31–35 wt.% in ethanol) (5 mL) 

at 50°C for 24 hours to functionalize it and yield the AEI (SEBS55-TMA). The second 

method consists of immersing the prepared NiED/eNFT electrode in the solution of 

chloromethylated SEBS55 + chlorobenzene for 10 min. The chlorobenzene has to be 

removed from the pores prior to the functionalization step in NMP + TMA. To that goal, 

a drying step of 1 h in a vacuum oven at 60°C is added after the immersion. The vacuum 

is mandatory in order to avoid heating the metallic Ni electrode in presence of O2 and 

therefore its irreversible oxidation. Once the sample is dry, the same functionalization 

step described previously is performed. Prior to the installation of the anode in the cell, 

it is cleaned with deionized water and then immersed in 1 M KOH for 1 h at room 

temperature to replace the Cl- anions by OH-. 

 

 Unit Direct Borohydride Fuel Cell characteristics 

II.4.2.1 BH4-/O2 DBFC setup 

As mentioned previously, an 8 cm² DBFC unit cell developed at LEMTA is used to 

perform tests in BH4-/O2 configurations, with the help of J. Dillet and G. Maranzana. A 

schematic representation of the full setup is detailed on Figure II.20. Anodic and 

cathodic flow fields are single-serpentine channels (1 mm width, 0.7 mm deep) 

machined in a brass block and coated with gold. The membrane electrode assembly 

constituted of (i) an anodic active layer made of either a commercial Pt-black/GDE with 

a loading of 2 mgPt.cm−2 (Fuel Cells Etc), a NiED/GDE with a loading of 0.60 ± 0.05 or 

3.6 ± 0.1 mgNi.cm−2 for NiED/GDE-L or NiED/GDE- H, respectively (according to ICP-

AES) or NiED/eNFT, (ii) a commercial Nafion NRE-212 membrane exchanged to the Na+ 

form, and (iii) a commercial air cathode Pt-black/GDE (2 mgPt.cm−2). PTFE seals are used 

to adjust the thickness of the electrodes to get 20% compression of the initial thickness. 

The anodic feed is composed of 0.5 M NaBH4 in 4.0 M NaOH (VMR Analar Normapur). 

Pure oxygen (Messer, 99.99%) is used at the cathode. No sensitivity to oxygen flow rate 

is noticed. Temperature regulation is provided thanks to a circulating bath driven by a 
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Pt (100) probe inserted in the anodic plate. Before entering the cell, the cooling water 

passes through a heat exchanger, the function of which is to preheat the borohydride 

solution so it enters the cell already at a desired temperature. An in-line half PEMFC 

using a commercial Pt black/GDE electrode operating in hydrogen pump mode is used 

to measure (live) the amount of H2 escaping the DBFC cell on-line.  

 

Figure II.20. Schematic representation of the BH4
-/O2 DBFC setup. The anolyte is 

recirculated in the system and its flow is ensured by a gear pump. The amount of H2 
escaping the cell is measured in situ using an in-line half PEMFC cell in the hydrogen 
pump mode. 

II.4.2.2 BH4-/H2O2 DBFC setup 

The DBFC measurements performed at Washington University, with the help of Z. 

Wang and S. Sankarasubramanian are performed at 70°C in a corrosion-resistant cell 

(Fuel Cell Technologies, Inc.) composed of squared 5 cm² electrodes (2.24 x 2.24 cm) 

with interdigitated channels. The anode support dimensions are thus reduced from 8 to 

5 cm² before any elaboration step. The optimum temperature of T = 70°C is chosen as it 

resulted in the best balance between DBFC performance and minimization of unwanted 

side reactions. The anodes used are the NiED/eNFT + AEI samples described above and 

the cathode is made of a carbon-supported Pt catalyst (46 wt.% Pt/C, Tanaka K. K.) 

sprayed on porous carbon paper (GDL 24AA diffusion media, Ion Power) resulting in a 

catalyst loading of 1 mg.cm-2. A commercial Nafion-117 (175 µm thick) membrane is 

used to separate the two electrodes and ensure H+ conduction. The anolyte is made of 

3 M KOH + 1.5 M NaBH4 and the catholyte of 15 wt.% H2O2 in 1.5 M H2SO4 and both 
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are flown through the cell using peristaltic pumps with a flow rate of 5 mL.min-1. The 

flowrate has also been previously optimized [128]. The measurements are performed 

using a Solartron® potentiostat with a 4 A limitation. 0.1 V decreasing steps are applied 

and maintained for 2 min from the OCV value to 0.05 V or until the current limitation 

is reached. A 400 µm-thick seal is used at the anode, compressing it by 25%. 

 

Figure II.21. Schematic representation of the BH4
-/H2O2 DBFC setup. The flow rate of 

both electrolytes are controlled by two peristaltic pumps. Interdigitated channels were 
used to ensure the electrolytes passing through the electrodes. 
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II.5 Computational methods 
 

 Density Functional Theory calculations  

Density functional Theory calculations (DFT) are performed by G. Rostamikia and M. J. 

Janik in Pennsylvania State University (State College, United States). All calculations 

are performed using the ab initio total energy and molecular dynamics Vienna ab initio 

simulation program (VASP) developed at the Institute for Material Physics at the 

University of Vienna [206,207]. The projector augmented wave method, Perdew−Wang 

[208] form of the generalized gradient approximation (GGA) and a cut-off energy of 450 

eV are used to represent the electronic structure. A 5 × 5 × 1 Monkhorst−Pack k-point 

grid [209] and spin-polarized calculations are used during structural optimizations. 

Structural optimization minimized the forces on all atoms to less than 0.02 eV Å−1. 

Harmonic vibrational modes are calculated to determine the zero-point vibrational 

energy (ZPVE) corrections to the total energy of adsorbed species and isolated 

molecules. The Ni (111) surface is modelled using a 3 × 3, four-layer slab with the bottom 

two layers constrained to the Ni face-centered cubic (fcc) lattice positions. A vacuum 

region of 15 Å is inserted between the slabs. 

 

 Microkinetic model calculations 

The microkinetic modelling and simulations are performed by A. Bonnefont in the 

Institut de Chimie de Strasbourg (Strasbourg, France). The aim of the microkinetic 

modelling is to provide a semi-quantitative description of the BOR on Ni, using a 

simplified model able to reproduce the main features obtained from the DEMS, FTIR, 

DFT and electrochemical studies. For the HOR/HER on pure metallic Ni surfaces, the 

Heyrovsky-Volmer mechanism is considered [187,210] : 

Had + OH-   ←⃗⃗⃗    * + H2O + e- (1) (equation 2.2) 

H2 + * + OH-   ←⃗⃗⃗    Had + + H2O + e- (2) (equation 2.3) 

where * denotes a free Ni surface site. 

The proper description of the HOR and BOR on Ni requires also the consideration of 

the surface Ni hydroxide formation, which is described by a two-step process: 

OH- + *   ←⃗⃗⃗    OHad + e- (3) (equation 2.4) 

OHad + OH-   ←⃗⃗⃗    (OH)2,ad  + e- (4) (equation 2.5) 

The first step of the BOR is assumed to be the non-dissociative adsorption of BH4-:  
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BH4- + x *   ←⃗⃗⃗    BH4,ad + e- (5) (equation 2.6) 

followed by the hydrolysis of BH4,ad : 

BH4,ad + OH-   →   BOHad + 2 H2 + e- (6) (equation 2.7) 

The BOHad oxidation is assumed to be the rate determining step of the BOR on Ni: 

BOHad + 2 OH-   →   B(OH)3,ad + 2e- (7) (equation 2.8) 

while the desorption of the B(OH)3,ad species is fast process: 

B(OH)3,ad   →   B(OH)3 + x * (8) (equation 2.9) 

The rate equations associated to these reactions steps can be formulated as: 

ν1 = 𝑘1𝑆t(θHe(1−α1)f(E−E1) − θVe
−α1f(E−E1)) 

ν2 = 𝑘2𝑆t(CH2θVe
(1−α2)f(E−E2) − θHe−α2f(E−E2)) 

ν3 = 𝑘3𝑆t(θVe
(1−α3)f(E−E3) − θOHe−α3f(E−E3)) 

ν4 = 𝑘4𝑆t(θOHe(1−α4)f(E−E4) − θ(OH)2e
−α4f(E−E4)) 

ν5 = 𝑘5𝑆t(CBH4θV
xe(1−α5)f(E−E5) − θBH4e

−α5f(E−E5)) 

ν6 = 𝑘6𝑆tθBH4e
(1−α6)fE 

ν7 = 𝑘7𝑆tθBOHe(1−α7)fE 

ν8 = 𝑘8𝑆tθB(OH)3 

with 

θV = 1 − θH − θOH − θ(OH)2 − x(θBH4 − θBOH − θB(OH)3) 

and 

𝑓 =
𝐹

𝑅𝑇
 

St is the number of Ni active sites per geometric surface area and ki, αi, and Ei are the 

rate constants the charge transfer coefficient and the potential of step (i) respectively. 

F = 96485 C mol-1 is the Faraday constant, R = 8.314 J.K-1mol-1 is the ideal gas constant, 

T = 298 K is the temperature, E is the electrode potential. 

The Faradic current is given by: 

𝐼F = 𝐹(ν1 + ν2 + ν3 + ν4 + ν5 + ν6 + 2ν7) 
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The current-potential curves can be simulated by solving the following set of equations 

giving the time evolution of the electrode potential E, the BH4- and the H2 

concentrations at the electrode surface, CBH4 and CH2, the Had, OHad, (OH)2,ad, BH4,ad, 

BOHad, and B(OH)3,ad coverages, θH, θOH, θ(OH)2, θBH4, θBOH, θB(OH)3:  

𝐶
d𝐸

dt
=

𝑈 − 𝐸

𝑅𝑒
− 𝐼F 

where C is the double layer capacitance, U the applied potential and Re the sum of the 

electrolyte and the external resistance. 

During, a linear potential sweep at a scan rate v, U is given by: 

d𝑈

dt
= 𝑣 

Assuming a linear concentration profile for the species in solution, the time evolution 

of CBH4 and CH2, at the electrode surface are given by: 

d𝐶𝐵𝐻4

dt
=

2.4674𝐷𝐵𝐻4

δBH4
2

(𝐶BH4
0 − 𝐶BH4) −

2.4674

δBH4
𝜈5 

𝑑𝐶H2

𝑑t
=

−2.4674𝐷H2

δH2
2 𝐶H2 −

2.4674

δH2
𝜈1 

DBH4 and DH2 are the BH4- and H2 diffusion coefficients respectively, CBH40 is the BH4- 

bulk concentration and δH2 and δBH4 are the H2 and BH4- diffusion layer thicknesses. 

The time evolutions of the surface coverages of the intermediate reaction species 

depend on the reaction rates: 

𝑆t

dθH

dt
= ν2 − ν1 

𝑆t

dθOH

dt
= ν3 − ν4 

𝑆t

dθ(OH)2

dt
= ν4 

𝑆t

dθBH4

dt
= ν5 − ν6 

𝑆t

dθBOH

dt
= ν6 − ν7 

𝑆t

dθB(OH)3

dt
= ν7 − ν8 

Finally, the H2 escape current can be calculated using the equation: 
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𝐼H2 = 2𝐹
DH2

δH2
𝐶H2 

 

Table II.1: Values of the variables involved in the tentative BOR mechanism.  

Constant Definition Units Value 

St Ni site density mol cm-2 4.4 10-9/4.4 10-8 

DBH4- BH4
- diffusion coefficient cm2 s-1 1.6 10-5 

DH2 H2 diffusion coefficient cm2 s-1 10-4 

k1 Volmer rate constant s-1 0.1 

E1 Volmer step equilibrium potential V vs. RHE 0.15 

k2 Heyrovsky H2  rate constant s-1 250 

E2 Heyrovsky step potential V -0.51 

k3 OH- adsorption/desorption rate constant s-1 100 

E3 OH- adsorption equilibrium potential V vs. RHE 0.02 

k4 (OH)2,ad formation rate constant s-1 0.1 

E4 (OH)2,ad equilibrium potential V vs. RHE 0.2 

k5 BH4
- adsorption rate constant cm3 mol-1 s-1 2 104 

E5 BH4
- adsorption potential V -0.8 

k6 BOHad formation rate constant s-1 100 

k7 B(OH)3,ad formation rate constant s-1 10 

k8 B(OH)3,ad desorption rate constant s-1 500 

k6 BOHad oxidation rate constant s-1 10 
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α1-6 

Charge transfer coefficients of steps (1) 

to (6)  0.5 

α7 Charge transfer coefficient step (7)  0.9 

δBH4 BH4
- diffusion layer thickness µm 14.5 

δH2 H2
 diffusion layer thickness µm 26.7 

Scan rate Potential sweep rate V s-1 2 x 10-2 

Re Ohmic drop Ω 10-2 

C Double layer capacity F 10-4 
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Although the BOR mechanism has been studied in many papers so far, the knowledge 

of this reaction is essentially limited to (i) noble metals (Pt and Au, mostly) and (ii) very 

mild experimental conditions (low borohydride concentration, typically < 50 mM 

NaBH4, room temperature) that are far from those experienced in practical DBFC 

anodes. As a result, one can still not predict what the behavior of electrocatalysts 

different from Pt and Au will be in real operating conditions. This chapter aims at going 

beyond these insufficiencies. It is based on two articles addressing the BOR mechanisms 

on noble metal bulk electrodes [211,212] presenting several detrimental effects when 

the borohydride concentration is increased from the fundamental to the application 

scale. Parts of the data presented in this chapter were obtained by P.Y. Olu or M. 

Chatenet prior to this PhD work. First, the understanding of the Borohydride Oxidation 

Reaction (BOR) at the start of this PhD will be presented as a reference mark; it mostly 

concerns the behavior of Pt electrodes at low concentration of NaBH4. From this point, 

the borohydride concentration will be increased to match more realistic conditions and 

the resulting effects will be presented. The proposed model will then be detailed to 

include these new insights for Pt as well as the mechanism of the reaction on Au 

electrodes. Next, Pd will be investigated as a potential substitute to Pt towards the BOR. 

The differences observed between these noble metals will be pointed out and then a 

tentative mechanism will be proposed for the reaction on Pd electrodes. To conclude 

this chapter, a brief review of the literature will guide us towards the use of non-noble 

metal electrocatalysts for the BOR, which will be discussed in the following chapters. 

 

III.1 Current understanding of the BOR on Pt electrodes 
 

As mentioned previously, the borohydride oxidation reaction (BOR) is a really complex 

electrochemical reaction, because 8 electrons are (theoretically) generated per BH4- 

species oxidized, which means that it must proceed in several elementary steps and 

involve intermediate species. One of the interesting properties of the BOR, described by 

equation 3.1, is its impressively low standard potential (E o = -0.41 V vs RHE) that could, 

theoretically, significantly increase the voltage of the DBFC (in comparison with a 

conventional PEMFC or AEMFC).  

BH4
− + 8 OH− → BO2

− + 6 H2O + 8 e− (equation 3.1) 

However, this potential is difficult to reach in practice, not only because of slow BOR 

kinetics but also because the reaction enters in competition with the hydrogen evolution 

reaction (HER) when E < 0 V vs RHE. These competitive reactions will induce a mixed 

potential and the activity of the electrocatalysts used towards the BOR and the HER will 
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determine the actual onset potential. The HER is a rather well understood reaction (very 

well in acidic medium, much less in alkaline medium), where Had species are adsorbed 

at the surface of the catalyst via the Volmer step (equation 3.2) and then combined either 

with another Had, via the Tafel step (equation 3.3), or a water molecule, via the 

Heyrovsky step (equation 3.4), to form molecular hydrogen, H2, which will be dissolved 

in the electrolyte until it reaches the solubility limit, and then goes into the gas phase 

[134,213]. Because of the activity of Pt towards the HER, H2 will be favorably evolved 

at negative potentials on the RHE scale, resulting in a positive shift of the onset potential 

of the BOR towards higher values (typically -50 mV vs RHE for 5 mM NaBH4); this 

strongly limits the advantages of the BOR on Pt (one would like the reaction to proceed 

at potential close to -0.41 V vs RHE). 

Volmer : H2O + e− ⥂ Had +  OH− (equation 3.2) 

Tafel : 2 Had  ⥂  H2 +  2 s (equation 3.3) 

Heyrovsky : Had + H2O+ e− ⥂ H2 + OH− (equation 3.4) 

 

Figure III.1. Tentative BOR mechanism on Pt electrodes proposed by Olu in his PhD 
manuscript [113]. Note that the partial reactions are presented in their acidic form for 
brevity, but they obviously occur in alkaline form in practice. 

Moreover, other parasitic reactions affect the efficiency of the BOR, such as the 

heterogeneous hydrolysis of BH4-. Indeed, when dissolved in water, the fuel suffers 

significant decomposition (catalyzed by Pt and other noble metal electrodes) into a H2 
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molecule and the intermediate BH3OH- species, as described by equation 3.5. This anion 

can undergo a second chain hydrolysis reaction to form 3 other H2 molecules and the 

final, and stable, BO2- product. This purely chemical process is quite detrimental to the 

valorization of BH4-, since the fuel is consumed without generating any electrons, which 

is directly translated into an energy loss of the DBFC system (at least if the produced 

H2 molecules are not valorized, i.e. further oxidized). Overall, a significant amount of 

gaseous hydrogen is produced through this process (4 H2 produced per BH4- consumed), 

which is in opposition with the first principle of the DBFC, being to use liquid fuel to 

avoid the issues encountered when using H2 in PEMFC, as mentioned in Chapter I. This 

hydrolysis process is activated by the temperature and a low pH of the solution 

[110,114,214]. It is therefore possible to slow down the kinetics of reaction of the two 

hydrolysis steps by working at low temperature and high pH (typically T = 20°C and 

pH = 14 in a 1 M NaOH supporting electrolyte). The nature and morphology of the 

catalyst used will also impact the rate of the hydrolysis and could be modified 

accordingly to decrease it. 

BH4
− + H2O → BH3OH− + H2 (equation 3.5) 

BH3OH− + H2O → BO2
− + 3 H2 (equation 3.6) 

The BOR has been studied in LEPMI for more than 10 years, in particular through the 

PhD of Belen Molina Concha (2009) [144] and Pierre-Yves Olu (2015) [113], where 

numerous measurements and calculations, performed mainly on Pt and Au model 

electrodes, allowed to unveil the different pathways of the reaction and the intermediate 

species they produce. Based on these experiments and data gathered from the literature, 

especially from Density Functional Theory (DFT) calculations [215–219], Olu developed 

a tentative model of the BOR on a Pt electrode (Figure III.1) using micro-kinetic 

simulations. From this model, the complete reaction can be separated into several steps 

involving the intermediate specie that had been detected and predicted by modelling in 

the above-cited references. 

The first step of the BOR is the adsorption of BH4- anions onto the electrocatalyst 

surface. This adsorption will already determine the reaction pathway since it could 

result in different produced species depending on the studied electrocatalysts. For a gold 

surface, DFT calculations suggest that borohydride adsorbs molecularly [216], following 

the reaction described by equation 3.7, producing one BH3,ad adsorbate. On the contrary, 

for platinum surface, BH4- anions adsorb in a dissociative manner [216], producing one 

BHad and three Had species as well as one electron (equation 3.8).These adsorbed 

hydrogen species will be very quickly valorized on a Pt electrode once a positive 

potential (vs the reversible hydrogen electrode scale) is reached, because of the well-



Chapter III: BOR mechanism on noble and model surfaces 

 

78 
 

known HOR activity of Pt. So, for Pt, large current generation is possible at low 

overpotential (as soon as E > 0 V vs RHE) via the production of three additional electrons 

due to ionization of 3 Had species. 

Molecular adsorption: BH4
− +  s + OH− → BH3,ad +  H2O + 2e− (equation 3.7) 

Dissociative adsorption: BH4
− +  4 s →  BHad +  3 Had + e− (equation 3.8) 

However, according to DFT calculations, the BHad species produced by this first step of 

the reaction on Pt are the most stable amongst all possible species taken into account. 

This means that their oxidation following an Eley-Rideal (E-R) mechanism involving 

OH- from solution (equation 3.9, k3 on Figure III.1) can be assumed to be the rate 

determining step. It produces two additional electrons and BOHad species that will 

undergo a second E-R oxidation reaction (equation 3.10, k6 on Figure III.1) leading to 

the final 2 electrons and product of reaction BO2-.  

BHad oxidation (E-R): BHad + 2OH−  → BOHad + H2O + 2e− (equation 3.9) 

BOHad oxidation (E-R): BOHad + 2OH−  → BO2
− + H2O + 2e− (equation 3.10) 

With this pathway, the reaction is correctly completed with 8 electrons produced. It was 

demonstrated by Finkelstein et al. [137] that a significant self-poisoning occurs on both 

Pt and Au electrodes, decreasing the efficiency of the BOR. This is explained within the 

proposed model by the slow oxidation of BHad species on Pt electrode in step 3.9. Indeed, 

these intermediate species require several neighboring active sites to be formed via the 

dissociative adsorption (equation 3.8). Because they are the most slowly-oxidized 

adsorbates (equation 3.9, rate determining step), they can accumulate on the surface 

until it is covered and no configuration with several adjacent active (free) sites can be 

found. This results in a large current decrease, since no Had species are formed anymore. 

When this state is reached, a switch in the adsorption mechanism from dissociative to 

molecular occurs (molecular adsorption does not require as many adjacent free active 

sites). Because the BH3,ad adsorbates formed by equation 3.7 are not as stable on the Pt 

surface as BHad, they can easily desorb into BH3OH- species (equation 3.11, k9 on Figure 

III.1) if not transformed quickly enough. These ions are detected using Rotating Ring-

Disk Electrode (RRDE) on Pt electrodes [131]. The BH3,ad species that indeed desorb and 

escape from the diffusion layer induce a significant loss of six electrons. However, if not 

desorbed, the BH3,ad adsorbate can itself be dissociated into 2 Had and a BHad specie 

(equation 3.12, k8). Two additional neighboring sites are however necessary. When no 

sites are available anymore BH3,ad could be oxidized following equation 3.13 (k5 on 

Figure III.1), but because of the slow nature of the E-R process they will more likely 

desorb (or poison the electrode surface). 
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BH3,ad desorption: BH3,ad + OH− ⥂ BH3OH− + 𝑠 (equation 3.11) 

BH3,d dissociation:  BH3,ad +  2 s →  BHad + 2 Had (equation 3.12) 

BH3,ad oxidation (E-R): BH3,ad + 2OH−  → BHad + 2 H2O + 2e− (equation 3.13) 

From this point, the reaction rate on Pt is determined by the oxidation of BHad until a 

higher potential is reached. Indeed, for E > 0.6 V vs RHE, OHad adsorbates start to form 

at the surface (k2 on Figure III.1) allowing a new BHad oxidation pathway following a 

Langmuir-Hinshelwood (L-H) mechanism (equation 3.14, k4 on Figure III.1). The 

resulting oxidation occurs at a much faster rate than the initial E-R one, since it is 

potential-activated. This results in a fast regeneration of the surface and a large current 

increase with 8 electrons produced per BH4- once again (see the high potential region, 

E > 0.8 V vs RHE on Figure III.3a for illustration of the phenomenon).  

BHad oxidation (L-H): BHad + OHad + OH−  → BOHad + H2O + e− (equation 3.14) 

These proposed reaction pathways for the BOR on Pt surfaces, and the corresponding 

kinetic simulations correctly fit the experimental data [113] for a concentration of 

borohydride in the range of mM (typically 5 mM NaBH4 in laboratory experiments). 

However, in a real DBFC system, the concentration of NaBH4 is much greater in order 

to generate more current and not to be limited by the consumption of the fuel during 

operation. The typical DBFC concentration varies between 0.5 M NaBH4 and 2 M NaBH4 

[120,151,220], which results in large (theoretical) limiting current density but might also 

raise some issues regarding the self-poisoning of the electrode and change the reaction 

mechanism. Such high operating concentrations will be investigated on both Pt and Au 

model surfaces in order to observe if detrimental effects appear and adapt the BOR 

model to gold electrodes. 

 

III.2 Influence of the NaBH4 concentration on the reactions 
pathway 

 

 Poisoning effects of surface at different borohydride concentration 

In this section, mirror-polished electrodes 2 mm in diameter (Sgeo = 0.031 cm²) of pure 

Pt and Au were used in a Rotating Disk Electrode (RDE) configuration, in a 4-electrodes 

electrochemical cell, to measure the different limiting currents in various borohydride 

concentrations, from [NaBH4] = [10-6; 1.5] M. More details about the electrochemical 

cell configuration and the preparation of the electrolytes are given in sections “II.1.1 

Rotating Disk Electrode in alkaline medium”. The preparation of the noble-metal RDE 
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electrodes is detailed in the section “II.1.2 Electrodes and catalyst ink preparation”. For 

clarity, 3 concentrations were chosen to represent the laboratory scale, intermediate 

conditions, and (DBFC) operation conditions: [NaBH4] = [5; 50; 500] mM respectively. 

All measurements were performed using dynamic Ohmic-drop corrections, which is 

particularly necessary at high concentration, where high currents are reached.  

Before this study, Open Circuit Potential (OCP) measurements were performed on both 

electrodes for the whole concentration window. The obtained OCP values are presented 

in Figure III.2 (OCP in supporting electrolyte ([NaBH4] = 0 M) are not presented in the 

logarithmic scale) versus the concentration represented both linearly and 

logarithmically for clarity reasons. The OCP is the potential value taken by the electrode 

at zero current. It might result from the occurrence of several simultaneous redox 

reactions at the interface of the WE material and the species in the electrolyte. In the 

case of the supporting electrolyte (1 M NaOH), only hydroxides and oxides (OHad and 

Oad) are formed and reduced at the metal surfaces. The formation of OHad occurs for 

E > 0.6 V vs RHE at pH = 14 for a platinum electrode however, the recorded OCP is 

higher (EPt = 0.86 V vs RHE), probably owing to an equilibrium between OHad and Oad. 

Au oxides should form at a higher potential (E = 1.1 V vs RHE), but the recorded OCP 

is this time lower (EAu = 0.93 V vs RHE). For [NaBH4] = 10-6 and 10-5 M, the OCP of the 

two electrodes stays unmodified versus the case in supporting electrolyte, because the 

amount of borohydride species at their interface is too low to have an impact on the 

presence of metal (hydr)oxides and therefore on the mixed potential. Then for higher 

NaBH4 concentrations, the “steady-state” is completely modified and the OCP 

significantly decreases as a result of the occurrence of concomitant reactions. On 

platinum, the potential drops to a value near E = 0 V vs RHE for [NaBH4] = 10-4 M and 

further slowly and gradually decreases to values approaching E = -0.1 V vs RHE at the 

highest NaBH4 concentrations studied here. The OCP on Pt drops this fast because H2 

is generated through the hydrolysis of the fuel (equations 3.5 and 3.6) and is therefore 

driven by the fast HOR kinetics. Because as soon as the potential becomes negative vs 

RHE, the HER (equations 3.2, 3.3 and 3.4) is triggered, so the OCP value will not decrease 

significantly more. This value thus results from the competition between the HER/HOR 

and the BOR.  

On gold, a drop of 450 mV is first observed between 10-5 M and 10-4 M NaBH4, and then 

tends to stabilize around E = 0.25 V vs RHE until 10-2 M NaBH4. Because of the slow 

charge transfer kinetics of the HER and BOR on Au, its oxidation current in this 

potential range can be compensated by the oxygen reduction reaction (ORR) coming 

from the residual oxygen in the electrolyte, before the BOR contribution becomes too 

large (≥ 10-2 M NaBH4). For those higher concentrations, the OCP reaches lower values 

on Au than on Pt, because hydrogen evolution (and oxidation as well) reaction kinetics 
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is slower on Au, and thus the compensation of the BOR current by the HER occurs at 

lower mixed potential than on Pt.  

 

Figure III.2. Open Circuit Potential (OCP) measured on polycrystalline gold and 
platinum electrodes (Sgeo = 0.031 cm²) for sodium borohydride concentration varying 
from 10-6 M to 1.5 M in Ar-saturated 1 M NaOH at T = 20°C and ω = 1600 rpm. Full lines 
and symbols correspond to the linear concentration scale and dashed-lines to the 
logarithmic one. 

Cyclic voltammograms were recorded on both Pt and Au electrodes while varying the 

rotation rate of the electrode (Figure III.3 and III.4). The values for the rotation rate were 

chosen to observe a constant current increase between each cycle if the reaction is mass-

transport limited, following Levich’s law (equation 3.15). The second 400 rpm cycle is 

used to observe if the state of the surface changed during the measurement. 

Levich’s Law: 𝐼𝐿 = 0.620 𝑛. 𝐹. 𝐴. 𝐷2/3. 𝜔1/2. 𝜈1/6.C (equation 3.15) 

with: 

n the number of exchanged electrons 

F the Faraday constant (C mol-1) 

C the concentration of NaBH4 (mol cm-3) 

D the diffusion coefficient of BH4- (cm2 s-1) 

ν the kinematic viscosity of the electrolyte (cm2 s-1)  

ω the rotation rate of the RDE (rad s-1) 

The CVs recorded using the Pt electrode (Figure III.3a) at low concentration (5 mM 

NaBH4) can be separated in two distinct zones when ω = 400 rpm: first, a well-defined 
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plateau is observed for E < 0.8 V vs RHE; once this potential is reached, a small decrease 

is observed before the appearance of a second plateau, however less defined (the 

measured current is not strictly constant). The first region corresponds to a mass-

transport limited plateau, because the current increase is linearly proportional to the 

square root of the rotation rate. However, the plateau’s stability decreases when more 

species are brought to the electrode. The cycle measured at ω = 2500 rpm shows that, 

as soon as the maximum current is reached, it starts to decrease until, at the end of the 

plateau, it becomes similar to the initial current measured at ω = 1600 rpm 

(jE=0.8V,2500rpm ≈ jE=0.3V,1600rpm ≈ 40 mA.cm-2). This current decrease is explained by the 

surface poisoning by BHad species and OHad, starting to appear from E = 0.6 V vs RHE, 

described in the previous section. Indeed, to make the parallel with the proposed model, 

the onset of reaction is slightly below 0 V vs RHE; positive current is measured once 

this potential is reached (however the reaction starts earlier but is masked by the HER 

contribution) via the oxidation of Had (originating from BH4- dissociative adsorption, 

equation 3.8), a fast reaction on Pt, accounting for the fast kinetics observed. When the 

rotation rate is relatively low, the reaction is stable; however, when more species are 

brought to the surface, it gets covered faster by the adsorbed BHad, resulting in a current 

loss. Quickly the current increases again to form the second plateau; however, because 

of charge-transfer kinetics still too slow, the limiting current of the first plateau is 

hardly reached, especially at high rotating rates, where the surface starts to completely 

passivate with the continuous formation of surface oxides and gets possibly blocked by 

borate species. The second cycle at ω = 400 rpm is well superimposed with the first one, 

meaning that the surface is essentially regenerated from its poisons when cycled to high 

potentials, as described by Finkelstein et al. [137]. 

When the borohydride concentration is increased to the intermediate value (Figure 

III.3b, 50 mM NaBH4), the two potential-separated regions can be observed again. 

However, the first one does not correspond to a mass-transport limited plateau 

anymore. Indeed, even at ω = 400 rpm, the current starts to decrease above E = 0.5 V vs 

RHE and for higher rotation rates, the current increase is not proportional to the square 

root of the rotation rate anymore. Because more active species are present at the 

electrode interface, it takes longer to reach a mass-transport limited state and as soon 

as the reaction kinetics is not the limiting process, the current drops significantly due 

to a lack of available active sites. A second peak is observed once OHad species start to 

form (E = 0.6 V vs RHE), which is not explained by the proposed BOR mechanism: the 

L-H oxidation of BHad is activated for E > 0.8 V vs RHE. A possible explanation for this 

peak is the appearance of a dual behavior of the electrode. For a poisoned 

electrocatalytic reaction, if Omhic-drop compensation is applied, it is possible to 

observe the formation of auto-organized domains on the surface of the electrode: one 

part will be in a mass-transport limitation state, while the other is still in the poisoned 
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state [221,222]. This will result in the emergence of a shoulder or peak as seen on Figure 

III.3b. After ω = 900 rpm, mass-transport does not appear to influence the reaction in 

the low potential region, suggesting once again that the reaction is limited, most 

probably by the small amount of available active sites. The current measured in the 

second potential region (E > 0.9 V vs RHE) is also limited for ω ≥ 900 rpm, again 

suggesting that the L-H mechanism (equation 3.14), even if it is faster than the E-R one, 

is still a rather slow reaction and the surface gets passivated before the mass-transport 

limitation is reached. The reaction is overall limited by the poisoning of the surface at 

this concentration, but the second 400 rpm cycle still corresponds to the first one, 

meaning that the surface is still able to regenerate with the formation of oxides at E = 

1.5 V vs RHE.  

 

Figure III.3. Ohmic-drop corrected CVs measured on Pt mirror-polished 
polycrystalline electrodes (Sgeo = 0.031 cm²) in RDE configuration at three different 
borohydride concentrations: 1 M NaOH + (a) 5 mM, (b) 50 mM, (c) 500 mM NaBH4 and 
various rotating rate of the electrode following this cycle: [400; 900; 1600; 2500; 0; 400] 
rpm. Ar-saturated electrolytes, vs = 20 mV.s-1, T = 20°C 
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The two distinct regions are not detected anymore for the high NaBH4 concentration, 

corresponding to the DBFC operation condition (Figure III.3c, 500 mM NaBH4). At such 

concentration, significant amounts of bubbles are generated, resulting in a very noisy 

signal. Those bubbles are also problematic regarding the Ohmic drop correction. Indeed, 

they grow to a certain size before being ejected from the surface, which results in 

significant parts of the electrode being covered by bubbles during the reaction and a 

decreased active surface area. Therefore, the Ohmic resistance is also modified and, 

because of the dynamic correction used, a noise appears in the abscissa direction, 

resulting in a spooled signal when combined to the normal y-axis noise. This noise is 

significantly amplified when the oxide region is scanned (E > 0.9 V vs RHE), because 

the H2 produced cannot be valorized on Pt oxides and therefore significant amounts 

escape the interface, as it was discovered by Olu during his PhD [113]. This will be 

detailed at several concentrations later in this chapter. Regarding the reaction itself, 

only small mass-transport contributions are observed: the current measured at ω = 2500 

rpm and E = 1.5 V vs RHE is only around 1.6 time higher than the one measured without 

forced convection (ω = 0 rpm) at the same potential. This could indicate that the reaction 

is mostly limited by charge-transfer kinetics. In addition, the backward scan on the 

second 400 rpm cycle is significantly higher than the onward scan in the 0.5 V vs RHE 

< E < 1.1 V vs RHE region. This effect is also observed on other cycles but not as clearly. 

It indicates again that the formation of oxides allowed the surface to regenerate some 

of its poisoned active sites, and that as soon as these oxides are reduced, new BH4- and 

intermediate species (e.g. Had) can be formed, increasing the current generation.  

The same measurements were conducted using the Au electrode (Figure III.4) and once 

again two distinct regions can be discerned (at low and intermediate concentration). 

However, they do not correspond to the same phenomena. First of all, the reaction onset 

on a gold surface (0.3 V vs RHE at 5 mM NaBH4) is significantly higher than on platinum 

(0 V vs RHE at the same NaBH4 concentration). This major difference originates from 

the inability of Au to adsorb dissociatively BH4- ions, as mentioned previously. This 

detrimental aspect already rules Au out of the potential catalysts for high energy DBFC 

systems, since around 0.7 V is lost in activation overpotential (compared to the standard 

potential of the reaction E°BH4-/BO2 = -0.41 V vs RHE). The BOR on Au electrode will 

nonetheless be investigated to understand how it occurs and compares with the 

mechanism proposed on Pt. The two regions correspond to two waves of reaction, the 

first one starting at E = 0.3 V vs RHE followed by the second around E = 0.8 V vs RHE 

at 5 mM NaBH4 (Figure III.4a). Olu already made some preliminary RRDE studies [113] 

and detected the formation of BH3OH- species during the first wave, confirming the 

presence of BH3,ad intermediate species at the electrode surface at the start of the 

reaction. This study will be completed in the next section. An important observation is 

that the current density reached at the first plateau corresponds to half of the second 



Chapter III: BOR mechanism on noble and model surfaces 

 

85 
 

one. Moreover, this second plateau displays similar current density values to the one 

observed on Pt at the same concentration (Figure III.3a) (ca. 40 mA.cm-2 for 

ω = 2500 rpm). If 8 electrons are assumed to be produced on Pt, this could mean that the 

BOR on Au follows a pathway involving 4 electrons in the first wave and requires 

higher potential to reach 8 electrons produced (complete BOR). These two plateaus 

correctly follow the Levich’s law, with the current proportional to the square root of 

the rotation rate (at 5 mM and 50 mM NaBH4).  

 
Figure III.4. Ohmic-drop corrected CVs measured on Au mirror-polished 

polycrystalline electrodes (Sgeo = 0.031 cm²) in RDE configuration at three different 
borohydride concentrations: 1 M NaOH + (a) 5 mM, (b) 50 mM, (c) 500 mM NaBH4 and 
various rotating rate of the electrode following this cycle: [400; 900; 1600; 2500; 0; 400] 
rpm. Ar-saturated electrolytes, vs = 20 mV.s-1, T = 20°C 

For the intermediate concentration (Figure III.4b), the same behavior is observed, 

however slightly delayed in potential, due to the slow charge-transfer kinetics. This 

time, the current density measured on the second plateau is greater than the maximum 

current density recorded on the Pt electrode (Figure III.3b), confirming that the latter 
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suffers from important poisoning and H2 escape, resulting in a loss of faradic efficiency 

already at E = 0.5 V vs RHE. From this observation, the poisoning of the surface on Au 

electrodes appears less important than on Pt. For the operation concentration (Figure 

III.4c), the maximum current density reached is now smaller than for Pt (ca. 2000 

mA.cm-2 and 3000 mA.cm-2, respectively). This could be explained by the slower charge-

transfer kinetics of the pathway contributing to the first wave, resulting in smaller 

current at higher concentrations. However, some mass-transport dependence can be 

observed for high rotation rate of the electrode (ω = 1600 and 2500 rpm). It is observed 

on both forward scans with quite defined “plateaus”, unlike for Pt, where the current of 

the backward scan appeared noticeably greater. Moreover, the same current was 

measured for ω = 400 rpm and 2500 rpm on Pt. By comparing these two different 

behaviors, one could propose that the reaction is mostly limited by the charge-transfer 

kinetics on Au electrodes at 500 mM NaBH4, where BOR on Pt appears to be mostly 

limited by surface poisoning. Overall, the BOR seems to follow a simpler pathway on 

the Au electrode, with only two mass-transport limited reaction waves and smaller 

propensity to poisoning. 

CVs at complementary concentrations were performed on the Pt electrode to confirm 

that its driving limiting process occurring at high concentration is indeed the surface 

poisoning and observe its effect on the start of the reaction. The positive scans of each 

CV are presented on Figure III.5a: increasing the concentration indeed has an important 

effect on the reaction. Until 100 mM NaBH4, the onset of the reaction is correctly 

described by the charge-transfer limitation; however, for higher concentrations, the 

reaction is delayed. When too many BH4- species are brought to the surface, even before 

the start of the reaction, the active sites start to be blocked by intermediate BHx,ad 

species, forcing the reaction to go through the alternative “partially dissociative” 

pathway. This is obviously not a binary process since the current density is already 

delayed at 200 mM NaBH4 (Figure III.5a), but keeps falling down when the concentration 

is further increased, meaning that the pathway switch occurs gradually with the amount 

of species brought to the surface. To observe in more details this behavior at the onset 

of the reaction, potentials were retrieved at an arbitrary current density value, 

corresponding to ca. 1/3 of the diffusion-limited faradic current of the lowest 

concentration considered (1 mM NaBH4) (Figure III.5b). This potential decreases from 1 

mM to 100 mM NaBH4, which can be correlated to the OCP decrease when the 

concentrations increases. It shows that the reaction efficiency actually increases until 

this concentration, since a smaller overpotential is required to reach the same current 

density. However, similarly as the full CVs, as soon as [NaBH4] is increased above 100 

mM, the potential increases. It seems to stabilize at 1 M NaBH4 and above, suggesting 

that a steady state between the two reaction pathways is reached. 
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Figure III.5. Selection of a few positive sweep scans of BOR CVs performed at 
vs = 20 mV.s-1 on a polycrystalline Pt electrode in RDE configuration (ω = 1600 rpm) for 
5, 50, 100, 200 and 500 mM NaBH4 in 1 M NaOH (T = 25°C). (b) Dependence of the 
potential value measured at a current density of jgeo = 3.1 mA.cm-2 (Ej=3.1 mA cm-2) versus 
[BH4

-]. Reprinted from Ref. [211]. 

It is important to mention that the poisoning effects described in this section are 

dependent on the density of active sites. In the present case, the 0.031 cm² mirror-

polished electrodes exhibit a rather limited surface (roughness factor ≈ 2 – 3, determined 

with HUPD on the Pt electrode) and therefore these poisoning effects appear enhanced. 

In application, materials with much more developed surface areas, such as nanoparticles 

supported on carbon supports, are used and poisoning should only occur for larger 

NaBH4 concentrations. This means that the key concentration to minimize the effects 

of poisoning will be increased in a real system. However, some recent DBFC studies 

using a relatively low NaBH4 concentration (100 mM NaBH4) presented rather 

promising performance [149]. 

Overall, the Pt electrode displays interesting performance towards the BOR, mainly 

thanks to the fast oxidation of the Had through the HOR at potentials close to 0 V vs. 
RHE; it explains why Pt is the most used catalyst for this reaction. However, it was 

demonstrated that Pt does not utilize the advantages of borohydrides fully. Its onset 

potential is really high compared to the standard potential of the BOR, because Pt 

promotes fast HER/HOR and the electrons generated during the BOR are mainly 

produced through the HOR. In application, it does not really matter since energy is still 

produced (at least if the generated H2 is fully oxidized). However, this indirect aspect of 

the reaction can be translated to poor ability of Pt surfaces to oxidize the boron-based 

species, resulting in their important and detrimental poisoning and H2 escape. In 

application, the poisoning could be limited by performing a “cleaning” step by 

increasing the potential of the anode to potentials required to form Pt-oxides. However, 

this could induce drastic degradation of the anode and most importantly the cathode 

[223,224] and should be avoided. Despite its lower OCP and smaller surface poisoning, 
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Au is not an efficient catalyst for the BOR and should only be used for fundamental and 

mechanistic studies.  

 

 Existence of additional reaction pathways 

III.2.2.1 Hydrogen escape at different borohydride concentrations 

To complement the DFT calculations and RDE measurements, and confirm the 

predicted intermediate species and reaction pathways, it is important to perform 

spectroscopic characterizations, preferably in situ. Those could enable to correlate 

directly the detection of BOR intermediates with the applied potential. It is possible to 

measure precisely the amount of H2 escaping the electrode during the BOR using 

Differential Electrochemical Mass Spectrometry (DEMS). In this technique, a porous 

electrode (most commonly obtained by sputtering deposition) of the studied metal is 

pressed against PTFE membranes at the bottom of the spectro-electrochemical cell. On 

the other side of the membrane vacuum is generated by vacuum pumps that will suck 

the gaseous or volatile species produced at the interface of the electrode and electrolyte. 

Those will be accelerated in a cascade of vacuum (via two compartments separated by 

a small diaphragm and each connected to turbomolecular pumps) towards a mass 

spectrometer, and these species can be detected in function of the potential of the 

working electrode. If the cell is correctly calibrated, it is also possible to quantify the 

amounts of each species detected and directly compare them to the faradic current 

measured by electrochemistry. Details about the setup and the calibration are given in 

section “II.3.3 Coupled spectroscopic methods”.  

Both platinum and gold electrodes were tested by Chatenet to observe at which 

potential H2 is escaping the electrode at 5 mM NaBH4 (Figure III.6). The faradic current 

measured on the sputtered electrode (Figure III.6a) is already different from the RDE 

measurements. Indeed, the number of active sites is greater in this configuration, 

because of a more developed surface area (Sgeo = 0.785 cm²) and especially the porous 

morphology of the structure, that significantly limits the surface poisoning at this low 

concentration. Because of the contribution from the current collector (ring + wire 

pressed against the WE, see section II.3.3) the determination of the ECSA using HUPD or 

oxide formation/reduction is not possible, thus no roughness factor was obtained. This 

results in a one wave BOR on the Au electrode and no important current decrease on 

Pt around E = 0.8 V vs RHE. Here the advantages of Pt are clearly highlighted, since the 

same limiting current is reached for both electrodes but once again, the onset of the 

reaction on Au is delayed by 0.3 V compared to Pt. Two different behaviors are observed 

regarding the current of H2 escape (Figure III.6b). First, on the Pt electrode, H2 is 
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detected in two distinct potential regions. For potentials E < 0 V vs RHE, hydrogen is 

produced at the WE through the HER; however, H2 is detected up until E = 0.2 V vs 

RHE, where BOR current is already detected. Jusys et al. [201] demonstrated by using 

isotopic NaBD4 that this “low potential hydrogen” mainly originates from the 

decomposition of water and not from the dissociative adsorption of BH4- (only Im/z=2 

current is consequent) suggesting that bubbles of H2 produced during the HER are 

trapped in the pores and are gradually oxidized once the potential is increased above 

E = 0 V vs RHE. No H2 is detected up until the second potential region (E > 0.8 V vs 

RHE), where Pt surface oxides form. It was demonstrated in the previous section and 

by previous DEMS and Rotating Ring-Disk Electrode (RRDE) measurements 

[131,201,225,226], and DFT calculations [216], that the BOR requires a fully available Pt 

surface in order to occur in the fully dissociative pathway. However, the OHad/Oad 

formed at this potential start to cover a significant part of the surface, forcing the 

reaction to proceed through the partial dissociation, leading to BH3,ad species. Once 

formed, they can desorb, combine with OH– to form BH3OH- (equation 3.11) and be 

detected by RRDE, as detailed later in this section. It was also proposed that they could 

undergo a second dissociation to form BHad + 2 Had (equation 3.12). It appears that when 

the surface becomes covered by oxides, these 2 Had species are no longer valorized and 

escape the interface, suggesting a new “dehydrogenation” pathway for the BH3,ad 

species: BH3,ad → BHad + H2. This “high potential H2” was confirmed to originate from 

borohydride species thanks to the isotopic study of Jusys [201] (detection of Im/z=4 

during BD4- oxidation). 

The Au electrode presents the same escaping H2 features at potentials below and around 

E = 0 V vs RHE; the currents are smaller though, because of the lower HER activity of 

Au versus Pt. As for Pt, a slight H2 current is detected in the oxide formation region 

(E > 1.3 V vs RHE); however, because of the fast passivation, this contribution is rather 

limited. Unlike Pt, a significant peak of escaping H2 is detected around E = 0.4 V vs RHE. 

This peak corresponds to the BOR onset and fades off once the limiting current is 

reached (kinetics-controlled region). This H2 valorization above E = 0.4 V could arise 

either from a faster HOR rate on the Au electrode (because of the increased potential), 

or a faster BH3,ad oxidation, becoming faster than the dehydrogenation. This supports 

the DFT calculations suggesting that Au surfaces are unable to dissociatively adsorb 

BH4- (at least at low overpotential), forcing the BOR through the partial dissociation 

pathway with the formation of BH3,ad species. Contrary to the Pt electrode, this 

dehydrogenation pathway seems unavoidable on Au since it appears as soon as the BOR 

proceeds. 
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Figure III.6. Ohmic drop corrected (in dynamic mode) faradic current monitored 
during the positive-going scan of the second CV cycle (vs = 10 mV s-1), during 
electrooxidation of NaBH4 in 1 M NaOH + 5 mM NaBH4 electrolyte at T = 25°C on a 
sputtered Pt or Au electrode. (b) Corresponding equivalent HER current (IH2,eq) calculated 
from the Im/z=2 signal and the DEMS calibration constant. The convection was controlled 
during the whole measurements, by using a PTFE rotator in the DEMS cell. Reprinted 
from Ref [211] 

The concentration of NaBH4 was increased from 5 mM to 50 mM and then 500 mM to 

observe the behavior of the gold (Figure III.7a, b) and platinum (Figure III.7c, d) porous 

electrodes. The Au electrode presents the same behavior, but with larger currents when 

the concentration is increased. One could notice a slight poisoning of the surface with 

the appearance of the previously described two waves of reaction at 50 mM NaBH4. The 

H2 escape current follows (again) the kinetic region of the first wave and decays 

completely only near the start of the second wave, around E = 0.85 V vs RHE. At the 

highest concentration, only increasing currents are measured, because of the too high 

amount of active species (the BOR kinetics is too slow to enable reaching mass-transfer 

limitation in the explored potential range). Besides, the H2 current still follows the 

faradic one: no limitation plateau is reached. Calculations of the number of electrons 

valorized per BH4- species are detailed in Ref [211] and confirm that the Au electrode is 

a poor BOR catalyst: this number only approaches the theoretical value of 8 at ca. 
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E = 0.6 V vs RHE for [BH4-] = 5 mM, at 0.85 V vs. RHE for [BH4-] = 50 mM and only 

reaches 7.5 at E =0.85 V vs RHE for [BH4-] = 500 mM. 

 

Figure III.7. Ohmic drop-corrected (in dynamic mode) faradic current monitored 
during the positive-going scan of the second CV cycle (vs = 10 mV s-1), during NaBH4 
electrooxidation in 1 M NaOH + 5, 50 or 500 mM NaBH4 electrolyte at T = 25°C on a 
sputtered (a) Au or (c) Pt electrode. Corresponding equivalent HER current (IH2,eq) 
calculated from the Im/z=2 signal and the DEMS calibration constant on a sputtered (b) Au 
or (d) Pt electrode. The convection was controlled during the whole measurements, by 
using a PTFE rotator in the DEMS cell. Reprinted from Ref [211]. 

The behavior of the Pt electrode (Figure III.7c, d) significantly changed with the increase 

of the concentration. Indeed, already at 50 mM NaBH4, only a small faradic current is 

measured for E < 0.3 V vs RHE and the CV is pretty similar to the one of Au (Figure 

III.7a). This denotes a loss of faradic efficiency until E = 0.6 V vs RHE, where the mass-

transport limitation plateau is finally reached. These results suggest that the BOR 

mechanism changed from the dissociative adsorption to partial (or molecular) one, only 

by increasing the concentration and therefore limiting the quantity of available Pt sites. 

This is supported by the H2 escape detected (Figure III.7d) originating from the 

dehydrogenation of BH3,ad species: in contrast to the behavior at low concentration, no 

distinct low and high potential regions are observed and H2 is detected throughout the 

whole potential interval. The intensity of the IH2,eq current decreases once the limitation 

plateau is reached, suggesting once again that the behavior of a poisoned Pt surface 

approaches the one of Au. At 500 mM NaBH4, the faradic current is more delayed, as 

presented previously on the RDE measurements, suggesting once again a larger 
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propensity of platinum to poisoning. Similarly to Au, the number of electrons valorized 

per BH4- species was calculated for the three concentrations [211]: around 8 electrons 

are reached at ca. E = 0.3 V vs. RHE for [BH4-] = 5 mM. The change of reaction pathway 

results in number of electrons reaching 7.5 at E = 0.6 V vs. RHE and 8 at E = 0.9 V vs 

RHE for [BH4-] = 50 mM and only 7.5 at E = 0.7 V vs RHE for [BH4-] = 500 mM. The 

BOR activity of Pt is thus significantly impacted by a large borohydride concentration, 

but is still better than Au (lower onset potential and better H2 valorization are measured 

on Pt, even when the partial dissociation mechanism proceeds at high BH4- 

concentration). 

 

III.2.2.2 Detection of BH3OH- species using RRDE 

In order to confirm the BH3,ads oxidation pathway on Au and on poisoned Pt, it is 

possible to perform RRDE measurements [182]. In that case, the BOR is conducted on a 

polycrystalline disk of either Au or Pt, while a polarized Au ring is used as a sensor to 

detect any hydroxyborane species (BH3OH-) formed at the disk. At a potential of E = 0.2 

V vs RHE, gold is indeed able to oxidize BH3OH- species, which are formed upon 

desorption of BH3,ads [129,182,183,185], while it is rather inactive for BH4- oxidation. 

Figure III.6a shows such RRDE measurements for the BOR on an Au/Au electrode at 5 

mM, 50 mM and 500 mM NaBH4 in 1 M NaOH at T= [10, 20, 30] °C and ω = 2500 rpm. 

The ring current, measured at a constant ring potential E = 0.2 V vs RHE during the 

BOR on the disk, is plotted as a function of the disk potential. Because some BH3,ad 

species can also adsorb on the ring and will contribute to the oxidation current 

(especially for the largest NaBH4 concentrations), the ring current is corrected from its 

baseline.  

At 5 mM NaBH4, as soon as the BOR current is detected on the Au disk (Figure III.8a), 

the current on the ring increases, suggesting that some BH3OH- species are produced at 

the disk during the BOR. During the first wave, three simultaneous reactions occur in 

competition with each other: the oxidation of BH3,ads its desorption into BH3OH- and 

dehydrogenation into BHad [211]. This dehydrogenation generates gaseous H2 that 

perturbs the ring current by modifying its active surface (coverage by bubbles). When 

the second wave of oxidation starts (at E = 0.8 V vs RHE), the ring current is modified, 

and in particular has a tendency to decrease, and even reach negative values. This 

unexpected behavior could mean that another soluble and reducible species is produced 

at the disk and can be reduced at the ring at E = 0.2 V vs RHE. This peculiar behavior 

will be reproduced for larger NaBH4 concentrations and further discussed below. When 

the passivation occurs at E = 1.1 V vs RHE, a peak is observed on the ring, corresponding 

to the desorption of all previously-adsorbed species on the disk (these species being 
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expelled and replaced by gold oxides), or that BH3OH- species cannot re-adsorb on Au-

oxides surface. Increasing the cell temperature enhances the BOR charge-transfer 

kinetics (at the disk), but these variations are not detected on the ring, except potentially 

the production of the reducible species at T = 30°C. 

At 50 mM NaBH4 (Figure III.8a) a small negative current is observed on the ring below 

the start of the BOR at the disk. A likely explanation comes from the conjunction of two 

processes: (i) BH3OH- species are formed at the disk at OCP (by partial heterogeneous 

hydrolysis on Au, (equation 3.5)) and can be oxidized on the gold ring (which is always 

polarized to enable such detection); (ii) this production of BH3OH- stops (or slows down) 

as soon as the Au disk is polarized positive of its OCP (and/or the Au disk becomes 

capable to oxidize (some of) the BH3OH- it generates), therefore lowering some of the 

ring current baseline contribution. This was not detected at 5 mM NaBH4, because the 

BH3OH- concentration at the Au disk at OCP was too small, likely owing to a rather 

quantitative heterogeneous hydrolysis at the Au electrode (leading to H2 and BO2- via 

the sequence of equations 3.5 and 3.6). The picture changes at larger BH4- 

concentrations: more Au active sites are occupied, thereby favoring the partial 

heterogeneous hydrolysis. Once again, when the BOR onset potential is reached (at ca. 
E = 0.3 V vs RHE), a production of BH3OH- is detected on the ring, confirming the BH3,ad 

oxidation pathway. Then, noise induced by hydrogen bubbles formation appears, and 

the ring current starts to decrease once again when the second wave of the BOR 

initiates, leading to a reduction in the level of noise.  

For [NaBH4] = 500 mM (Figure III.8a), the same negative ring current is observed, before 

the BOR starts. Then, it rises in the same manner as for the two previous concentrations. 

However, at E = 0.6 V vs RHE, this current starts to decrease and reaches negative 

values. At E = 1.1 V vs RHE, this diminution speeds up and reducing currents on the 

order of -3 mA are observed on the ring (i.e. ca. 1% of the disk current in absolute value). 

At T = 30°C, the BOR kinetics is faster, and the slope of the disk current is greater than 

at T = 10 and 20°C. However, this is accompanied by larger H2 generation, and because 

Au is not good to valorize H2 and the electrode shaft is vertically positioned, bubbles 

likely formed at E = 0.9 V vs RHE, stabilize on the PTFE ring separating the Au disk 

from the Au ring and prevent the proper detection of BH3OH- at the ring. Then, these 

bubbles further grow until both surfaces (that of the disk and of the ring electrode) are 

completely covered and the contact between the electrodes and the electrolyte is lost. 

This behavior has been found reproducible for multiple replicates: although all the 

experimental traces do not necessarily superpose to those of Figure III.8a, they all show 

the same type of behavior, thereby revealing the difficulty to make “fine” measurements 

in the practical conditions of a running DBFC (e.g. NaBH4 concentrations above 100 

mM). 



Chapter III: BOR mechanism on noble and model surfaces 

 

94 
 

 

Figure III.8. Ohmic drop-corrected (in dynamic mode) positive scans of the BOR on (a, 
yellow border) Au and (b, red border) Pt disk electrode for 5, 50 and 500 mM NaBH4 in 
1 M NaOH, and their corresponding current measured on a Au ring at T = [10, 20, 30] °C 
and ω = 2500 rpm. Ring currents were initially measured with a chronoamperometry at 
a potential of E = 0.2 V vs RHE and subsequently corrected to fit the potential during the 
BOR. An inset corresponding to a focus on the low ring currents is presented for 500 mM 
NaBH4. Reprinted from Ref. [212]. 

Figure III.8b is the equivalent of Figure III.8a with a Pt/Au RRDE electrode (Pt disk, Au 

ring). This time, at 5 mM NaBH4, the BOR starts on the Pt disk while the current on the 
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Au ring stays null until the disk potential reaches E = 0.6 V vs RHE, which corresponds 

to the beginning of the surface poisoning of the Pt disk and the formation of OHad 

species. Above that potential value, BH4– complete dissociation is no longer possible 

due to a lack of free neighboring Pt active sites (the number of free sites is also decreased 

by the fact that Pt surface oxides form) and the partial dissociation into BH3,ad begins 

[211]. This new mechanism triggers the formation of BH3OH- species, which are directly 

detected on the ring electrode. The ring current nevertheless stabilizes when the L-H 

oxidation of BHad species is activated (E = 0.8 V vs RHE), regenerating active sites for 

BH3,ad to dissociate. Thus a steady-state between consumption and desorption of BH3, 

ad is more or less established. For higher disk potential values, the Pt surface is 

passivated by complete oxides coverage. In the same manner as observed on the Au/Au 

RRDE (Au disk, Au ring), other adsorbates are forced to desorb and so the ring current 

increases. This peak is broader than for the Pt/Au system because the passivation 

happens at a slower rate.  

The mechanism on the Pt disk at 50 mM NaBH4 is again modified with the delayed onset 

of the reaction. Oxidation currents are measured on the ring in the kinetics-controlled 

region, confirming the partial dissociation pathways alleged from RDE measurements 

and supported by the DEMS characterization. Concerning the fuel cell-like 

concentration of 500 mM (Figure III.8b), because the Pt surface is strongly poisoned (as 

discussed previously), the BH3,ad pathway becomes predominant. Thus, the BOR starts 

on Pt in the same manner as on Au, and the ring current follows the same trend as well: 

a production of BH3OH- is detected at the onset of the BOR. When the disk potential 

reaches E = 0.8 V vs RHE, the same phenomenon appears: rather slow diminution of the 

ring current until E = 1.0 V vs RHE at T = 30°C or E = 1.1 V vs RHE at T = 10 and 20°C. 

Then this diminution of the relative value of the ring current accelerates drastically and 

the current reaches negative values way more important than on Au/Au, on the order 

of -40 mA, -60 mA and -80 mA at T = 10°C, 20°C and 30°C respectively. This reduction 

signal is also much noisier, so these values are only rough estimates; anyhow, this 

current is ca. 10 to 20 times more important than the one detected on the Au/Au 

electrode, when the disk current is only 2 times greater (300 mA on Au disk, and 600 

mA on Pt disk), suggesting a much larger proportion of formation of the incriminated 

“reducible species”, assuming they exist. 

The reduction current observed on the ring of the Au/Au electrode could also be 

explained by a modification of the local pH at the interface of the electrode. During the 

first BOR wave, 3 OH- ions are consumed to form a BHad species and then 5 more OH- 

ions are consumed to complete the BOR and obtain the final BO2- product [211]. 

Moreover, the ratio of hydroxide anions concentration to fuel concentration, [OH-

]/[BH4-], is only 2 in these conditions, meaning that the reaction could become limited 
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by the OH- concentration, and therefore that the local pH could drastically drop at the 

disk | electrolyte interface, provided all the BH4- species were consumed at the interface. 

In such case, the electrolyte leaving the disk in direction of the ring would have a lower 

concentration of OH- and the equilibrium potential of the reactions (e.g. the HER/HOR) 

could be modified at the ring. For example, if the pH of the electrolyte at the ring 

interface drops from pH 14 to 7, the hydrogen electrode equilibrium potential would be 

shifted by ca. 0.4 V towards positive values, such shift being sufficient to promote the 

HER at the ring. In that scenario, the larger the disk current, the higher the OH- 

consumption, leading to larger pH drops at the ring interface and increasing HER 

current at the ring. This hypothesis could also explain the increasing noise on the ring 

signal all along the potential scan on the disk; it will be tested hereafter. Concerning the 

Pt/Au system, the noise is greatly accentuated at high potential values, because of the 

larger H2 escape on Pt-oxides discussed previously.  

Table III.1. Estimation of the mass-transport-limited current densities if BH4- 
transport limits the BOR (jL (BH4

-)) or if OH- transport limits the BOR (jL (OH-)), calculated 
for [NaBH4] = 500 mM in 1 M and 4 M NaOH on Au/Au RRDE. Values for DBH4

- and ν 
have been determined by Chatenet et al. [227] with experimental conditions approaching 
the ones used in this study. Values for DOH- were estimated from Refs [228,229] . The 
mass-transport-limited current densities were calculated using the Levich (equation 3.15)  

T = 20°C, 
ω = 2500 rpm 

500 mM NaBH4 
1 M NaOH 4 M NaOH 

ν (cm².s-1) 0.015 0.03 
DBH4- (cm².s-1) 2.5x10-5 10-5 

DOH- (cm².s-1) 3x10-5 10-5 

nBH4- 8 8 

nOH- 1 1 

jL(BH4
-) calculated (A.cm-2) 6.7 3.2 

jL(OH-) calculated (A.cm-2) 1.9- 3.6 

Maximum experimental value of j, 
measured at 1.5 V vs RHE: j1.5V (A.cm-2) 1.5 3 

To test this pH modification hypothesis, the expected BOR limiting current values, 

calculated from the Levich theory (equation 3.15), were compared to the maximum 

current values monitored experimentally at E = 1.5 V vs RHE, considering either a mass-

transport limitation by BH4- species (jL(BH4-)) or by OH- species (jL(OH-)). For the 1 M 

NaOH + 500 mM NaBH4 electrolyte solution, Table III.1 firstly shows that jL(BH4-) 

exceeds jL(OH-); this means that the BOR could likely be limited by the mass-transport 

of OH- anions and not by that of BH4- anions in these conditions. As j1.5V is of the same 

order of magnitude as jL(OH-) (j1.5V = 1.5 A cm-2 versus jL(OH-) = 1.9 A cm-2), significant 

depletion of OH- species at the electrode | electrolyte interface could become possible 
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when the experimentally monitored BOR current approaches its maximum value, which 

could affect (and in particular decrease) the interfacial pH. As an attempt to mitigate 

this effect, the experiment at 500 mM NaBH4 has been reproduced with a higher 

concentration (4 M) of NaOH on both Au/Au (Figure III.9a, c) and Pt/Au (Figure III.9b, 

d) RRDEs.  

 
Figure III.9. Ohmic-drop corrected (in dynamic mode) positive scans of the BOR on (a) 

Au and (b) Pt disk electrode for 500 mM NaBH4 in 4 M NaOH, and their corresponding 
current measured on the Au ring (c) (d), at T = [10, 20, 30] °C and ω = 2500 rpm. Ring 
currents were initially measured with a chronoamperometry for a set potential of 
E = 0.2 V vs RHE and subsequently corrected to fit the potential during the BOR. (e) 
corresponds to a focus on the low ring current at 500 mM NaBH4. The ring current 
measured at T = 10°C on Au/Au (c) is limited because of a mistake in the settings of the 
max current range during the measurement. Reprinted from Ref [212]. 

The first thing to notice is that the BOR current on Au is no longer limited by the mass-

transport but only by the charge-transfer kinetics (Figure III.9a); as a result, a current 

two times higher is obtained with the four times higher OH- concentration. This 

confirms that the BOR currents might have been limited by the low concentration and 

slow transport of OH- at the interface with a [NaOH] = 1 M solution, again highlighting 

the possibility of modification of the local pH at the interface. However, the current 

observed on the ring follows the same pattern as previously (for 1 M NaOH supporting 

electrolyte), negative values being monitored; more precisely, the monitored reduction 

currents at the ring are roughly 10 times greater. As the local pH variation should be 

less important in the case of the 4 M NaOH electrolyte, this reduction current cannot 

(at least not fully) be associated with a change of the local pH at the ring/electrolyte 

interface. In the case of the 4 M NaOH electrolyte, the calculations of Table III.1 rule 

out a complete depletion of OH- at the electrode | electrolyte interface: j1.5V is always 

inferior to jL(OH-) (3 A cm-2 versus 3.6 A cm-2), which is itself superior to jL(BH4-) (3.2 
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A cm-2); this means that mass-transport limitations in this electrolyte shall mostly 

concern BH4- species and not OH- species, thereby ruling out severe interfacial pH 

decrease. Moreover, the potential necessary to obtain such HER current on a Au 

electrode, because of its poor charge transfer kinetics, would be way too low (Au is not 

a good HER catalyst). As a result, the measurement of negative ring currents likely has 

another explanation than the interfacial pH change. Here we postulate that a soluble 

reducible intermediate species is produced at the disk in the potential region of the 

“second BOR wave”. 

So the hypothesis that another reducible species is produced during the BOR on Pt is 

now also appropriate on Au. We propose that the soluble reducible intermediate species 

formed at the Au and Pt disk in the “high-potential BOR wave” could be BH2-like 

species. Such species have already been detected during the BOR by Molina et al., using 

FTIR spectroscopy [205,230]. DFT calculations [217] also predict the formation of BH2-

like species (namely BH2OHads, but these species can likely desorb, e.g. in the form of 

BH2(OH)2-) at similar potential values. It is therefore believed that such BH2-hydroxide 

species could explain why their production is favored when the concentration of OH- is 

increased. Unfortunately, the results obtained on Pt/Au at 4 M NaOH (Figure III.9b) do 

not give more information on this BHx reducible intermediate, because no negative 

current is measured anymore. Indeed, at the potential of Pt-oxides formation, the BOR 

current starts to decrease until complete passivation at the end of the potential scan. 

Unlike for the BOR on Au/Au for 500 mM NaBH4 in 1 M NaOH at T = 30°C (Figure 

III.8a), this decrease cannot be ascribed to H2 bubbles formation, because the current 

goes back up in the return scan (not displayed here), which means that the 

electrode/electrolyte contact is maintained. A hypothesis is that most of the OH- 

brought to the interface at 500 mM NaBH4 in 1 M NaOH (Figure III.8b) were consumed 

for the BOR, thereby preventing quantitative formation of Pt-oxides. With the higher 

NaOH concentration, some OH- are now available for the Pt oxides formation, so the 

surface passivates in the same manner as for lower NaBH4 concentrations. This 

confirms important role of OH- in the BOR, in particular when the NaBH4 concentration 

is large (i.e. in the conditions of DBFC operation). 

 

III.2.2.3 Adapting the proposed BOR model 

The BOR model proposed by Olu was modified to include the findings described above, 

i.e. the pathways of the reaction on Au and the dehydrogenation of BH3,ad species. 

Figure III.10 represents all the different pathways the reaction can take (from our 

current understanding) either on Pt or on Au; it is also updated with the correct partial 

reactions in alkaline medium. The reactions represented by the red arrows are only 
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possible on Pt surfaces, since they represent the dissociation of BH4- and BH3,ad and 

producing BHad and several Had species. The reactions of OH- adsorption are presented 

in red as well, since on gold they occur at too high potentials, where the slower E-R 

oxidation of BHad is already activated. The dehydrogenation step is represented by the 

loss of a H2 molecule to pass from BH3ad to BHad; this process was observed as soon as 

some BH3ad species were detected on any of the studied surfaces. This model was 

constructed in a similar way as the previous one (Ref. [113,131]) and its elaboration, 

performed mainly by Olu and Bonnefont, is detailed in Ref [211].  

 

Figure III.10. Updated version of the proposed BOR model integrating the new findings 
about dehydrogenation of the BH3,ad species observed with DEMS measurements and the 
overall Au mechanism. Reprinted from Ref [211]. 

Using Figure III.10 as a basis for the calculations, new simulations of the BOR on both 

Au and Pt surface at 50 mM and 500 mM NaBH4 were done by Olu and Bonnefont 

(Figure III.11). The calculated BOR current on Au electrode reproduces the trends 

measured experimentally previously: the BOR onset is higher than for Pt, but is not 

impacted by the increase of concentration to 500 mM NaBH4, sign of a low influence of 

surface poisoning; H2 generation occurs at soon as the BOR proceeds, supporting the 

BH3ad dehydrogenation (k10 from Figure III.10); it is correctly reproduced (Figure III.11b) 

at 50 mM NaBH4: the IH2 peak decreases when the limiting plateau is reached; as soon 

as the BOR is limited by mass-transport of BH4- species, the coverage of BH3ad species 

decreases. For 500 mM NaBH4, this current is also calculated to decrease, where it kept 
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increasing in a linear way on the DEMS measurement (Figure III.7b). It is important to 

mention that the current model is not able to reproduce the “two-wave” mechanism, 

with corresponding 4 and 8 electrons valorized, observed on Au RDE electrodes (Figure 

III.4), since the model only takes into account production of one H2 molecule per BH4- 

ion oxidized. As mentioned previously, the hydrolysis of the fuel might influence the 

electrode by generating additional H2 and BH3OH- that could interact with the surface. 

It is also possible that BH4- dehydrogenize into two H2 to form a “4 electron process” 

proposed by Wang et al. [231]. This first model could thus still be refined to include 

these steps and to reproduce the 2 waves of oxidation observed in the experiment. 

The model does not take into account the formation of bubbles in the pores of the 

electrode during the cathodic cycling (which was experimentally measured by DEMS) 

and therefore H2 production above 0 V vs RHE is not reproduced by the model. 

According to the kinetic simulations, the reaction is only limited by the reaction charge-

transfer kinetics up to 0.4 V vs RHE, similarly to the RDE experimental data (Figure 

III.3b). In the simulations, H2 appears again in the high potential region, where the 

surface starts to be significantly covered by oxide species (E > 0.7 V vs RHE). In the 

DEMS measurement, this second H2 contribution is not observed (Figure III.7d) for 50 

mM NaBH4. One tentative explanation of this inconsistency is that the OHad and Oad 

blocking of the Pt surface likely depends on the conditions of the experiments, 

especially concerning the Ohmic resistance of the system (and its dynamic correction, 

which was made here). The morphology of the surface (roughness) can also influence 

this phenomenon. During the BOR, poisoning of the Pt surface (by its oxides or by the 

products of the BOR, e.g. boron oxides, even if these latter species have not been 

considered in the present simplified model), results in the surface blocking, so that an 

apparent negative resistance is observed (see the BOR CVs in RDE configuration of 

Figure III.3), this phenomenon being accentuated by the Ohmic drop (electrolyte 

resistance, for instance). Thus, the Pt poisoning from (hydr)oxides is not as “severe” as 

when no correction is applied, and the formation of BH3,ad over BHad is not favored 

(thus corresponding to the absence of H2 escape). When no IR-correction is applied, H2 

escape is experimentally observed on Pt at 50 mM NaBH4 in the high-potential region 

(see Ref [211]); this observation reinforces the latter explanation.  
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Figure III.11. Simulated plots of the BOR on Au and Pt electrodes using the tentative 
BOR mechanism of Figure III.10. The NaBH4 concentrations taken into account are 50 
and 500 mM. (a) Faradic current, (b) H2 escape current and (c) BH3,ad and BHad fractional 
coverage for the Pt electrode. Reprinted from Ref [211]. 

For the fuel cell operation concentration (500 mM NaBH4), the model captures the 

surface poisoning and the associated “partial dissociation pathway”, as expected from 

the experimental data. Indeed, the surface is initially mostly covered by BHad. However, 

if mass-transfer limitation (interfacial [BH4-] close to 0) is not reached before a critical 

coverage of BHad (which is likely with high flux of [BH4-], i.e. typically the case for the 

500 mM NaBH4 electrolyte with convection), then the surface of Pt cannot accommodate 

all the BH4- species arriving at the surface and becomes poisoned by the BHad species. 

Thus, BH3,ad coverage quickly increases at the expense of BHad, for E > 0 V vs RHE 
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(Figure III.11c), which is directly accompanied by important H2 generation that follows 

the BOR faradic current. Again the contribution from residual H2 originating from the 

HER and stored in pores is not taken into account by the model. Because the reaction 

through BH3,ad species is slower, the simulated faradic current is delayed compared to 

the case at a lower concentration (Figure III.11a), in agreement with the experimental 

data. 

To summarize, the only reaction pathway for the BOR on Au surfaces is assumed to 

proceed through the formation of BH3,ad intermediate species, because Au cannot fully 

dissociate BH4- ions. This pathway induces important drawbacks in terms of faradic 

efficiency: (i) the intermediate species can desorb in the form of BH3OH- or self-

dehydrogenate releasing gaseous H2 in the electrolyte, directly leading to significant 

loss of 6 and 2 electrons, respectively (because Au cannot efficiently oxidize H2); (ii) 

because of the inability of Au to form Had species, the reaction must proceed through 

the slow E-R oxidation of BH3,ad, resulting in a very high reaction onset potential. 

However, because this reaction is the only possible way, no significant poisoning of the 

surface is observed and the apparent BOR activity of Au seems directly correlated to 

the borohydride concentration. The BOR mechanism on Pt surface is much more 

complex with a dual behavior appearing at low potential (below the Pt-oxide formation 

region), that triggers both reaction pathways (their respective proportion depending on 

the surface roughness/BH4- concentration ratio). The reaction mechanism is dictated 

by the borohydride concentration and the active site density of the electrode, both 

affecting the BHad coverage. At low concentration and/or high active site density, the 

reaction is mainly driven by the “fully dissociative” pathway and the formation of BHad 

species; it switches to the “partially-dissociative” one once the concentration is 

increased enough (with respect to the active site density) to saturate the available active 

area by BHad species. The reaction then proceeds through the formation of BH3,ad 

species and a mechanism resembling the one predicted on Au (but complemented by 

the ability of Pt to form Had). For higher potentials, the oxide formation plays a dual 

role: on the one hand, OHad/Oad species regenerate the surface by recombining with 

BHad species through a L-H mechanism, thus allowing faster oxidation of the latter and 

avoiding surface poisoning. On the other hand, because the coverage of OHad/Oad 

species increases with the potential, they also poison the electrode (reduce the amount 

of Pt free sites), forcing the “partially-dissociative” pathway for all concentrations, 

before completely passivating the surface at higher potentials. It is important to note 

that an optimal borohydride concentration exists when using Pt electrodes for the BOR 

and that it depends on the parameters of the setup used. Optimizing the active surface 

area and the morphology of the surface (porosity, thickness) as well as the mass-

transport conditions of the system used shall allow to maximize the BOR efficiency at 

low potentials as well as minimize the detrimental H2 generation/escape.  
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III.3 Towards a kinetic model of the BOR on Pd surfaces 
 

The great activity of platinum surfaces was demonstrated to be strongly dependent on 

the conditions of operation and suffers from non-negligible surface poisoning. 

Moreover, the use of Pt electrocatalysts prevents reaching the promising energy density 

of the BOR in a DBFC system, because of the “high” reaction onset (ca. 0 V vs RHE) due 

to parasitic HER. Au surfaces present a lower OCP, but cannot reach high power 

densities because of the slow kinetics of reaction at low overpotential induced by a 

partially dissociative pathway in every conditions, resulting in large activation 

potentials. Palladium has been investigated as a potential substitute to Pt for the BOR 

for more than a decade [232–236] and very promising (or even superior) performances 

have been reported in the past few years using Pd-based catalysts in both RDE and FC 

conditions [129,149,151,237–239]. 

 

 BOR on Pd: Differences with Pt and Au 

The same RDE measurements, presented in the previous section on Au and Pt surfaces, 

were reproduced using a mirror-polished polycrystalline Pd electrode (Sgeo = 0.031 cm²) 

to analyze its behavior towards the BOR. The OCP of the electrode in presence of 

borohydride was measured in the same [NaBH4] concentration window and compared 

to that of the Pt surface (Figure III.12). With a borohydride concentration almost null, 

the OCP on Pd is slightly lower than on Pt, because of its more oxophilic nature. It is 

also more sensitive to BH4-, since a noticeable OCP decrease is already observed at 

[NaBH4] = 5.10-5 M, where the potential remained stable on Pt. Because it is less active 

towards the HER, the decrease is less abrupt than for Pt and a negative OCP is reached 

around 5 mM NaBH4 (vs < 1 mM for Pt). This lesser ability of Pd to evolve hydrogen 

allows the OCP to decrease further towards the standard potential of the reaction: for 

[NaBH4] > 50 mM, the OCP on Pd becomes lower than on Pt and keeps decreasing until 

reaching around -250 mV vs RHE at 1.5 M NaBH4. Interestingly, such negative values 

are not reached even on Au, whereas the HER activity of the former metal is way worse 

than the one of Pd. This suggests that the evolution of hydrogen on Pd might be reduced 

in presence of BH4-, this effect being exacerbated for the highest [NaBH4] and that the 

BOR kinetics is faster on Pd compared to Au electrode. Nonetheless, this first 

observation of the BOR behavior on Pd is promising, but should also be considered with 

care since a low OCP does not necessarily translates into good BOR activity, as was 

observed on Au. 
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Figure III.12. OCP measured on platinum and palladium polycrystalline electrodes 
(Sgeo = 0.031 cm²) for sodium borohydride concentration varying from 10-6 M to 1.5 M in 
Ar-saturated 1 M NaOH at T = 20°C and ω = 1600 rpm. Full lines and symbols correspond 
to the linear concentration scale and dashed-lines to the logarithmic one. 

It is important to mention that BH4- ions are expected to adsorb on Pd surfaces following 

the dissociative pathway (equation 3.8) and producing BHad and Had species, as 

predicted by Rostamikia et al. [216] using DFT. Unfortunately, no further DFT 

calculations were performed to this date for the BOR on Pd surfaces to the author’s 

knowledge. However, the adsorption mechanism already suggests a reaction pathway 

similar to the one of Pt. Indeed, Pd is a good HOR catalyst [240–243] (even if its 

HOR/HER activity is lower than that of Pt) and should therefore be able to valorize the 

produced Had. A fast reaction is thus expected for potentials E > 0 V vs RHE. The 

recorded CVs on the polycrystalline Pd electrode demonstrate, however, a different 

reaction behavior (Figure III.13). Despite a low OCP value, the BOR current on Pd stays 

very low until the electrode potential reaches ca. E = 0.1 V vs RHE. Moreover, a 

limitation plateau is reached at a lower current density than expected for an 8 e- process. 

This first observation suggests that the BOR does not proceed through a “fully 

dissociative” pathway on the mirror-polished electrode and a behavior comparable to 

the one of the gold electrodes at low potentials is observed, even at 5 mM NaBH4. The 

“partial dissociation” pathway might therefore be favored, leading to the formation of 

BH3,ad species. It was demonstrated by Olu et al. that Pd is a good catalyst for the 

oxidation of BH3OH- [129], meaning that this pathway is indeed possible.  
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Figure III.13. Ohmic-drop corrected CVs measured on Pd mirror-polished 
polycrystalline electrode (Sgeo = 0.031 cm²) in RDE configuration at three different 
borohydride concentrations: 1 M NaOH + (a) 5 mM, (b) 50 mM, (c) 500 mM NaBH4 and 
various rotating rate of the electrode following this cycle: [400; 900; 1600; 2500; 0; 400] 
rpm. Ar-saturated electrolytes, vs = 20 mV.s-1, T = 20°C. 

The CVs of Figure III.13 present, however, a completely different behavior for E > 0.6 V 

vs RHE: a new reaction is activated, resulting in a sharp and very intense current density 

peak followed by a slow passivation for E > 0.9 V vs RHE. This type of CV is typical of 

a large accumulation of blocking species being suddenly stripped because of a potential 

activation (like a CO-stripping), followed by a “steady state”, controlled by mass-

transport. In the present case, the surface is not blocked before the stripping occurs, 

since the first limitation plateau is controlled by mass-transport and consistently 

increase with both the rotation rate of the electrode and the concentration (50 mM 

NaBH4, Figure III.13b). The peak maximum current density also increases following the 

same conditions, meaning that a mass-transport limited reaction is involved. However, 

this peak is also observed without forced convection, especially at 50 mM NaBH4 (Figure 
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III.13b); its intensity is similar to the one at ω = 400 rpm, where the initial BOR current 

is significantly lower. This part of the reaction therefore involves several processes and 

will be discussed in detail later in order to understand better the full BOR process on 

Pd. Regarding the surface poisoning, the Pd electrode appears significantly less affected 

than the Pt electrode: increasing the concentration to 50 mM and then 500 mM seems 

only to delay the reaction because of the rather slow charge-transfer kinetics. This, 

again, recalls the behavior of Au and its single possible BOR pathway, suggesting once 

again that the “partially dissociative” pathway is favored on Pd against prediction of the 

DFT calculations. At 500 mM (Figure III.13c), a clear mass-transport dependence is 

observed, meaning that, if BH3,ad species are indeed the only possible adsorption 

product, their oxidation step is faster on Pd than on Au, as already pointed by the onset 

potential of the reaction at lower concentration. 

Now that the behavior of Pd towards the BOR has been observed, it can be compared 

with the two other noble metals in Figure III.14, where the current corresponding to 8 

electrons produced was calculated using the Levich’s law (equation 3.15). The values 

used for the calculations were taken from Ref. [227]. At low concentration (Figure 

III.14a), the difference between Pt and Pd is clearly demonstrated: slower charge-

transfer kinetic, higher onset potential and most importantly, smaller current density 

value at low potential on the Pd electrode. It is confirmed that the first plateau is similar 

to the one observed on Au, but is reached at a significantly lower potential. Increasing 

the concentration also confirms the lesser propensity of Pd to surface poisoning. Indeed, 

while for Pt increasing the NaBH4 concentration from 5 to 50 mM results in a positive 

shift of the cyclic voltammogram (Figure III.14b), minor changes are observed for Pd. 

This effect is even more highlighted at 500 mM NaBH4 (Figure III.14c), where the Pt 

surface is completely blocked by BHad poisons and the reaction proceeds via BH3,ad 

species, whereas the reaction is now faster on Pd with a current density of 1 A.cm-2 

reached almost 0.2 V before Pt. This “resistance” to poisoning might explain why Pd 

displayed better performances than Pt in certain DBFC conditions. 

The sharp peak observed on Pd for E > 0.6 V vs RHE largely surpasses the “8 electrons 

per BH4- current density” line for both 5 mM and 50 mM, suggesting that an additional 

reaction is contributing to the current on palladium in this potential region. To 

understand in more detail how the reaction proceeds during this current peak, further 

characterizations are necessary.  
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Figure III.14 Comparison of CVs measured on Au, Pt and Pd polycrystalline electrodes 
(Sgeo = 0.031 cm²) in RDE configuration at three different borohydride concentrations: 
1 M NaOH + (a) 5 mM, (b) 50 mM, (c) 500 mM NaBH4. Ar-saturated electrolytes, ω = 2500 
rpm, vs = 20 mV.s-1, T = 20°C. Green-dashed line correspond to 8 electrons generation 
calculated using the Levich’s law. Adapted from [212]. 

To investigate the hydrogen escape during the BOR, DEMS measurements were 

reproduced using a Pd sputtered electrode. The spectro-electrochemical cell was 

calibrated in order to compare directly the faradic current of HER and the hydrogen 

ionic current (Im/z=2): a calibration constant enables transforming Im/z=2 into an 

equivalent hydrogen current (IH2,eq), as detailed in section “II.3.3.1 Differential 

Electrochemical Mass Spectrometry”. The BOR current and the corresponding 

hydrogen escape were measured for the three borohydride concentrations (Figure III.15) 

and the HER contribution has been cropped at 5 mM and 50 mM NaBH4 to observe more 

clearly the oxidation currents. The first thing to notice on Figure III.15 is that the 
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absolute value of the faradic current of the HER is greater than the H2 escape current 

detected, meaning that the calibration constant is overestimated for Pd; as such, 

quantitative interpretations such as the number of electrons produced during the BOR 

are not possible for the Pd electrode (in the DEMS cell). It also means that the hydrogen 

escape over the faradic current ratio decreased in presence of borohydride (since the 

calibration is performed in supporting electrolyte). 

 

Figure III.15. Faradic current of the BOR on sputtered Pd (ca. 50 nm thick) and 
corresponding H2 escape current (IH2,eq) obtained from the Im/z=2 signal and the DEMS 
calibration (see section II.3.3.1) for (a) 5 mM, (b) 50 mM and (c) 500 mM in 1 M NaOH. 
(note the presence of a break in the faradic current axis of the HER, for 5 mM and 50 mM 
NaBH4, to observe the oxidation currents more easily). Reprinted from [212]. 

Regarding the BOR for [NaBH4] = 5 mM (Figure III.15a), the current obtained is smaller 

than during previous RDE studies (Figures III.13 and III.14), because the mass-transport 

of electrolyte to the static sputtered Pd electrode is ensured by a simple PTFE rotator at 

the top of the cell (in practice a classical RDE equipped with a pure PTFE tip) generating 

some convection at the WE surface (at the bottom of the cell); this convective flux is not 

as strong and well-controlled as when a Pd RDE is used. However, this setup is sufficient 

to observe that the BOR starts rapidly at E = 0 V vs RHE, at variance to the case of a 

planar Pd surface, where it was kinetically slow (the sputtered Pd electrode has much 

more Pd active sites than a planar Pd electrode, resulting in larger “kinetic” current at 

lower potential). Besides, H2 is generated until a potential of E = 0.3 V vs RHE is reached, 

suggesting a slow dissociation of BH4- and/or BH3,ad allowing the molecule to 

dehydrogenate. Above this potential, the H2 produced is completely valorized. In 

addition, the intense current peak observed on bulk Pd at E = 0.8 V vs RHE is no longer 

present on sputtered Pd. This originates from the morphology of the electrode and more 

precisely of the larger number of active sites, as detailed in the following section of this 

chapter. H2 is detected once again at high potentials, once the formation of oxides starts 

on the Pd surface. On the backward scan, H2 is not valorized until these oxides are 
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reduced at E = 0.9 V vs RHE. For [NaBH4] = 50 mM (Figure III.15b), both IH2,eq and If are 

ca. 10 times greater than for [NaBH4] = 5 mM, which suggests that these two currents 

are linked to the same process. One may also note that the peak of activity occurs later, 

probably owing to the sluggish BOR charge-transfer kinetics. Likewise, at 500 mM 

NaBH4, the slow kinetics and poisoning of the surface by adsorbates limit the two 

currents measured and in this case the potential at which H2 is valorized is no more 

reached. Pt was behaving in a near-similar manner at large NaBH4 concentration (Figure 

III.7). 

 

 Tentative explanation of the BOR mechanism on Pd 

With the results gathered so far and the literature, a tentative BOR mechanism on 

palladium surfaces can now be proposed. It was demonstrated that the BOR on Pd 

surfaces does not occur according to the mechanism predicted by DFT calculations and 

cannot be fully described even by the updated model proposed by Olu et al. (Figure 

III.10). One phenomenon that can account for such difference is the formation of 

palladium hydrides (PdH) on the electrode in the presence of borohydrides. Indeed, 

when BH4- is adsorbed onto the surface, its full dissociation into BHad and Had may 

trigger, at least for E < 0.3 V vs RHE, hydrogen insertion into the Pd lattice and related 

formation of palladium hydrides [244,245]. Such modification of the Pd bulk structure 

is well-known [246–248] and Pd is often used as a storage material for hydrogen 

[246,249–252]. By comparison to Figure III.12, it is at this potential that the OCP starts 

to stabilize, so the BOR is likely compensated by the formation of PdH at intermediate 

concentrations of NaBH4. For higher NaBH4 concentrations, the sub-surface of the 

electrode is saturated in PdH, so the HER takes over, but it is slower on PdH than on 

Pd, and the OCP can reach a lower value (typically as low as E = -0.24 V vs RHE in 

Figure III.12). If the formation of palladium hydride is spontaneous at low potential 

values, so is the desorption of hydrogen, under usual conditions, when the potential is 

swept back towards more positive values. However, while PdH formation occurs in the 

bulk of the Pd electrode, other species may adsorb during the insertion period (typically 

intermediates of the BOR: BHad and BH3,ad), thereby covering the whole available 

surface. Thus, no (or very few) active sites are available for the desorption of hydrides 

and the BOR starts on a PdH surface fully covered by BHad and BH3,ad. Then, the reaction 

follows the BH3,ad oxidation pathway. As it has been shown that the oxidation of 

BH3OH- occurs on Pd at significantly lower potential values than on Au [129,185], the 

first oxidation wave is observed at smaller potential on Pd than on Au. Going positive 

in potential, the desorption of hydride/oxidation of Had may account for (some of) the 

large peak current monitored on Pd RDE (Figures III.13 and III.14). As noted above, this 
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intense peak is observed with a current greater than the maximal faradic current of the 

BOR (Figure III.14); more specifically, it occurs at a potential corresponding to the 

beginning of the hydroxides and oxides formation on palladium. Indeed, once they form, 

the oxidation of the poisoning BHad (and BH3, ads) species occurs through a Langmuir-

Hinshelwood mechanism, as on Pt, but at the same time, free active sites are regenerated 

on the electrode surface and the palladium hydrides can now be desorbed leaving 

behind metallic Pd. This abrupt modification of the structure and related oxidation of 

the adsorbates explains, to some extent, the intense current peak: the PdH oxidation 

concomitant to the BOR generates more current than theoretically possible only with 

the (stationary) mass transport-limited BOR contribution. The fact that the capacitive 

PdH desorption occurs in parallel to the BOR in the region of the current peak explains 

why the latter is, to some extent, depending on the rotation rate of the RDE for 5 and 

50 mM NaBH4 as measured at ca. E = 0.8-0.9 V vs RHE in Figure III.13. Going further up 

in potential after the current peak, oxides continue to form and a slow passivation of 

the surface, similar to the one on Pt, is observed. 

The palladium hydrides are also the cause of the calibration overestimation in DEMS 

configuration (Figure III.15). Indeed, a large fraction of adsorbed hydrogen produced 

during the HER inserts into the Pd lattice rather than desorbs to form H2, and is thus 

not detected by the DEMS. Although they seem completely different from RDE 

measurements, DEMS results on Pd corroborate this hypothesis. The active area of the 

porous Pd structure is much greater than the planar polycrystalline disk, which means 

that a much higher number of active sites per geometric surface area is available, the 

concentration of NaBH4 being kept similar for the RDE and DEMS studies. Thus, at low 

concentration of NaBH4 (5 mM and 50 mM), the surface is not completely covered by 

BHx,ad species, and the palladium hydrides can be released at lower potentials 

simultaneously with the BOR oxidation; therefore, an oxidation current is observed at 

E = 0 V vs RHE. The structural modification ends at E = 0.3 V vs RHE, where a small 

peak can be observed on the faradic current (Figure III.15a). The surface is then 

composed of metallic Pd and the H2 produced can now be quantitatively valorized, 

leading to the decrease of IH2,eq down to zero. In the meantime, the BOR continues, and 

no peak current is observed, because all hydrides have already been oxidized; overall, 

the reaction proceeds in a more continuous manner. As soon as palladium oxides form, 

a H2 escape current re-appears, corresponding to the mechanism observed on Pt.  

To conclude on these DEMS measurements, the behavior of Pd towards hydrogen 

generation and escape during the BOR is a combination between the behavior of Au, at 

low potential (BH3,ad oxidation on PdH), and of Pt, as soon as the structure is free of 

PdH and back to metallic Pd.  
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 The effect of Pd structure modification 

Further RDE end DEMS experiments were performed in order to confirm this formation 

of structural PdH. The two main goals of the following measurements were first, to 

observe how the reaction evolved when the amount of PdH was deliberately increased 

and secondly, to try to strip these hydrides from the matrix of the electrode and observe 

how the BOR proceeds on purely metallic Pd. It was mentioned in the tentative 

explanation of the BOR that if this behavior in really originating from PdH formation, 

it seems linked to the oxidation of the electrode: once the formation of oxides starts, the 

surface is stripped from its adsorbates and active sites are freed to release the hydrides. 

This link can be more clearly observed on Figure III.16a were both CV in supporting 

electrolyte and in presence of borohydride are superposed. During the cathodic scan, 

the BOR is reactivated only once the oxides start to reduce (E < 0.8 V vs RHE) and a 

mass transport-limitation plateau, approaching the 8 electrons limit (Figure III.14), is 

reached on this PdH-free surface. As soon as the oxides are fully reduced, the current 

drops back to the initial plateau corresponding to roughly 4 electrons, suggesting a 

mechanism switch because the L-H oxidation of BHad is not possible anymore. The 

influence of the amount of active sites is also demonstrated on Figure III.16b, where the 

same electrode was re-used after a first set of characterization without being re-polished 

to its mirror state. It results in a 4 times rougher surface (calculated from the oxide 

reduction peak in supporting electrolyte), which translated into a modification of the 

BOR CV: the first plateau is not as well defined, the peak of desorption of PdH is broader 

and a new small peak starts to appear around E = 0.9 V vs RHE, at the start of the surface 

passivation. The current produced on the oxidized surface is greater, because of the 

higher number of active sites; nonetheless, the kinetics of reaction at low potential did 

not improve, suggesting (again) that the reaction is limited by the surface coverage of 

intermediate species and/or the presence of PdH in the lattice of the electrode at 5 mM 

NaBH4, even with the increased surface area. The overall shape of the CV, and 

particularly the broadness of the peak at E = 0.8 V vs RHE, indicates however that the 

PdH might start to leave the electrode as soon as the first plateau is reached. These 

findings on the rougher Pd electrode agree with those obtained with the sputtered Pd 

electrode in DEMS, and show the non-negligible impact of the electrode surface site 

density on its BOR activity (as was noted for Pt as well). 
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Figure III.16. (a) CV of polycrystalline Pd electrode (Sgeo = 0.031 cm²) in supporting 
electrolyte (grey line) and in presence of 5 mM NaBH4 (red line) at ω = 1600 rpm. (b) 
Comparison of the BOR at 5 mM NaBH4 on a polycrystalline Pd mirror-polished prior the 
measurement (grey line) or the same electrode used after several BOR characterization, 
without being re-polished (red line) at ω = 1600 rpm. Ar-saturated electrolytes, T = 20°C, 
vs = 20 mV.s-1. 

To study the effect of the hydride formation inside the Pd electrode along the BOR, a 

protocol, referred to as “PdH insertion procedure” thereafter, has been established: a 

series of CVs of 2 cycles between a lower potential limit varying from -0.2 < E < 0.7 V 

vs RHE and E = 1.3 V vs RHE (the upper potential limit) at vs = 20 mV s-1 are alternated 

by CA in the PdH insertion region. The time of the CAs increases between each CV to 

also increase the amount of PdH inserted in the Pd. The second cycle of the CV is used 

as a probe of the state of the surface: it is expected to be similar every time if all PdH 

inserted during the stationary step are entirely removed during the first cycle. For 

clarity, all the first cycles will be represented together and separated from the second 

ones. Figure III.17 presents the results obtained using this procedure on the “rough” (not 

re-polished) electrode at 1 mM NaBH4 for rather short insertion times (Figure III.17a) 

and 5 mM NaBH4 for long insertion times (Figure III.17b). 

At a very low concentration (Figure III.17a), the peak of PdH desorption is rather small 

and occurs at a lower potential (E ≈ 0.6 V vs RHE) in the initial state and a second 

oxidation plateau can be discerned before the passivation. This could be explained by 

the fact that few PdH are present in the electrode and, because of its higher surface area, 

they can be released at lower potential revealing the “real” second part of the BOR with 

a plateau similar to the BOR on Au. After 30 s of PdH insertion at E = 0 V vs RHE (≈ Eoc) 

the intensity of the peak increased but the second cycle remained similar to the initial 

state, meaning that all additional PdH inserted during this period were removed. The 

intensity of the peak follows the time spent at 0 V vs RHE, confirming that more 

hydrides are inserted. However, from tE=0V = 2 min, the second cycle does not reach the 

initial state back. It could mean that either that too much PdH were inserted and could 
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not be released in one cycle, or that the surface area of the electrode increased because 

of deformations created by the insertion/desorption of hydrogen atoms. Because the 

peak reaches its maximum current value at a similar potential for all insertion times and 

that the second plateau is always discerned, the morphology change proposition 

appears more likely. It is also important to observe how the reaction changes at low 

potentials. The more hydrides are present in the surface, the later the reaction starts, 

supporting the BOR mechanism presented previously: no oxidation was observed at 0 

V vs RHE, owing to the presence of PdH in the electrode. Because the surface is more 

developed (and keeps developing along the cycles), the first plateau cannot be discerned 

and the PdH desorption starts as soon as BH3,ad species are oxidized, freeing active sites.  

 

 

Figure III.17.PdH insertion procedure on the not re-polished Pd electrode: 2 cycle CVs 
alternated with increasing time at E = 0 V vs RHE in 1 M NaOH + (a) 1 mM or (b) 5 mM 
NaBH4. ω = 1600 rpm. Ar-saturated electrolytes, T = 20°C, vs = 20 mV.s-1. 

The same experiment was reproduced at 5 mM NaBH4 with longer insertion time 

(Figure III.17b). Because more species are brought to the electrode, the peak is sharper 

and now appears at E = 0.8 V vs RHE. After 1 hour at E = 0 V vs RHE, the kinetics at 

low potentials changed and the peak is now really broad. All the hydrides can be 

desorbed at rather low potential (as soon as the reaction starts), and the second plateau 

is now well defined on the first cycle. In addition, the shape of the second cycle is 
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different from the one observed for the initial state and the peak remained broader, 

meaning a surface area increase. For longer insertion time, the same observation can be 

made, especially for tE=0V = 5 h, where the desorption peak on the first cycle is still 

broad; it also extends to E = 1 V vs RHE, because it takes more time to free the electrode 

from all the additionally-inserted hydrides. The second cycle asserts that the 

morphology of the surface completely changed from its initial state. The desorption 

occurs simultaneously with the BOR: almost no peak is observed and the second plateau 

is now well defined before the passivation of the electrode. The fact that this passivation 

occurs at higher potential and that the BOR current on the oxidized surface is also 

greater is another sign of the surface area increase. This surface distortion under 

hydride formation/desorption might look interesting because it increases the 

performance of the electrode over time; however, when applied to supported 

electrocatalysts nanoparticle, this might result in severe particle restructuring and 

eventually detachment leading to irreversible loss of activity. 

The PdH insertion procedure was reproduced on a mirror-polished electrode to observe 

how the electrode behaves when the surface area is small and is strongly blocked by 

adsorbed species. To avoid forming additional PdH when cycling at low potential, the 

lower potential limit was firstly increased to E = 0.2 V vs RHE (Figure III.18a). Even 

without scanning below this potential, the intensity of the peak at E = 0.8 V vs RHE 

remained the same in the initial state (compared to previous measurement, Figure 

III.14a), suggesting that the same amount of PdH is present in the electrode. Even more 

surprising, when the electrode is maintained at E = 0 V vs RHE, the intensity of the peak 

does not increase, and even slightly diminishes. This unexpected result can be explained 

by the fact that the surface is already completely blocked by adsorbed species and that 

no additional hydrogen atoms can be inserted in the Pd structure. The shape of the CV 

still changes with the increased “insertion” time, especially for tE=0V = 10 min, where 

the signal starts to look like the one from the not re-polished electrode on Figure III.16b: 

the BOR onset is slightly delayed, the desorption starts as soon as the first plateau is 

reached, which results in a smaller peak and the slight apparition of the second plateau 

in the passivation region. This is thus typical of the surface area increase just detailed. 

However, the second cycle is always identical, meaning that the initial state of the 

surface is reached back. One hypothesis could be that during the time at E = 0 V vs RHE, 

a small amount of hydrides is inserted/desorbed, slightly modifying the structure of the 

electrode, but the formation of the oxide layer at high potential allows to reorganize it 

so that the initial state is regained. In fact, this can be observed on the cathodic scan of 

the first cycles, where an identical reactivation plateau is reached although it should 

increase for a larger amount of active sites. Increasing the potential limit to E = 0.4 V vs 

RHE (Figure III.18b) does not change the behavior of the initial state, with still the same 

peak intensity. The PdH insertion procedure also proved identical as the previous 
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measurement, meaning that the scanning down to this potential does not allow to 

remove the PdH formed along the BOR. This suggests that hydrides are still inserted in 

the structure of the electrode at such potential, which is not expected following 

thermodynamics. Again, the hydrogen atoms should be released and then oxidized 

E > 0 V vs RHE) but the presence of borohydrides, and other related adsorbates, might 

modify the desorption conditions and delay the reaction to higher potential values. 

 

Figure III.18. PdH insertion procedure on the mirror-polished Pd electrode: 2 cycle CVs 
alternated with increasing time at E = 0 V vs RHE in 1 M NaOH + 5 mM NaBH4. The 
lower potential limit ω = 1600 rpm. Ar-saturated electrolytes, T = 20°C, vs = 20 mV.s-1. 

To investigate in more detail this surprising effect, it was necessary to reach a state 

where the BOR occurs on a PdH-free surface. As it was observed on Figure III.16a, the 

presence of oxides appeared as a key factor to reach this state, so the lower potential 

limit was increased even more to E = 0.6 V vs RHE (Figure III.16a). This time, the 

desorption peak started to shrink, but stabilized after 3 cycles at a current value almost 

2 times smaller than the initial state. The potential limit was thus increased even more 

to E = 0.7 V vs RHE (Figure III.19b), which corresponds to the middle of the second BOR 

plateau on the cathodic scan and roughly to the peak of oxides reduction (Figure III.16a). 

In these conditions, the peak completely disappeared after only one cycle and a stable 

plateau is reached on both ongoing scan. The surface is quickly passivated, because the 

surface area is similar to the geometric one (with this Sgeo = 0.031 cm² mirror-polished 
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electrode). For 0.7 < E < 1.3 V vs RHE, the BOR can now proceed on the targeted PdH-

free surface.  

 

Figure III.19. CV on mirror-polished Pd electrode with lower potential limit increased 
to (a) E = 0.6 V vs RHE or (b) E = 0.7 V vs RHE. 1 M NaOH + 5 mM NaBH4, ω = 1600 rpm, 
Ar-saturated electrolytes, T = 20°C, vs = 20 mV.s-1. 

The PdH insertion procedure was thus reproduced using this potential window on the 

mirror-polished electrode in 1 M NaOH + 5 mM NaBH4 (Figure III.20a). However, the 

insertion times had to be modified in order to correctly observe the changes of behavior. 

Indeed, after only 5 s of insertion at Eoc (≈ -50 mV vs RHE) the sharp desorption peak 

appears. For longer times, the peak only gets smaller and broader, meaning that as soon 

as the potential is released out of the studied window, the steady-state between PdH 

insertion and adsorption of intermediate species on the surface is reached in only few 

seconds. Because the surface is then completely blocked, increasing the insertion time 

only results in the morphology modifications presented previously. Because no more 

hydrides are inserted compared to previous measurements, they are again all desorbed 

and the second cycle shows that the surface is correctly regenerated/reorganized. As it 

was suggested that hydrogen atoms are still inserted in the structure during the first 

BOR plateau (up until E = 0.7 V vs RHE), the insertion procedure was performed again 

in the high potential window: the insertion potential was increased to E = 0.4 V vs RHE 

(Figure III.20b). Again, after few seconds the peak of desorption appears; however, this 

time, a new behavior is observed for longer insertion periods. Indeed, the intensity and 

potential of the peak only increase when the potential is maintained for longer steps at 

E = 0.4 V vs RHE between two CVs. This asserts that the amount of hydride inserted in 

the structure keeps increasing and no limitation by blockage of the surface appears like 

previously. Moreover, the initial state is recovered for all insertion times, as 

demonstrated by the second cycles which are all identical. In this configuration, the 



Chapter III: BOR mechanism on noble and model surfaces 

 

117 
 

morphology of the surface is then kept pristine and no structural deformations seem to 

appear (all the signals smoothly overlap the initial one).  

This measurement demonstrated that hydrides are indeed formed in the structure at 

potential as high as E = 0.4 V vs RHE (and even 0.7 V vs RHE if this observation is 

extrapolated to Figure III.19). In this case, it is even favored at such potential, since no 

limitation is observed and the amount of hydride formed only increases with time. A 

proposed explanation is that during the first BOR plateau, the poisoning BH3,ad species 

are oxidized or dissociated and the produced Had are somehow forced into the structure 

of the electrode. Because the active sites are constantly freed at this potential, the 

hydride formation is not stopped until oxides are formed. Again, this was not expected 

from the literature, and does not follow the Pd-hydrogen thermodynamics (but in this 

case, BHx,ad species act as a source of surface hydrogen, and may be stable at the Pd 

surface even well-above 0 V vs RHE). 

 

Figure III.20 PdH insertion procedure on the mirror-polished Pd electrode: 2 cycle CVs 
alternated with increasing time at (a) EOC or (b) E = 0.4 V vs RHE in 1 M NaOH + 5 mM 
NaBH4. The lower potential limit is increased to E = 0.7 V vs RHE to remove the PdH 
contribution. ω = 1600 rpm. Ar-saturated electrolytes, T = 20°C, vs = 20 mV.s-1. 

Because of the thermodynamic contradiction about the formation of hydrides at such 

high potentials, another explanation was considered. It could be that other species are 

inserted in the structure, that are not oxidized until a higher potential is reached. The 
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only other possibility in this configuration would be the insertion of boron and the 

related formation of Pd-borides. Stable palladium borides do exist (mostly in the form 

of metal-rich structures) and the Pd16B3 or Pd5B phase is apparently stable at ambient 

temperature, as described by the Pd-B phase diagram [253–256]. However, they require 

high temperature to be formed (around T = 400°C) and are usually obtained using arc 

melting or sintering. Moreover, the DFT calculations made by Rostamikia et al. do not 

forecast the formation of isolated boron atom on either Pt [215] or Au [217] surfaces, 

which does not support the hypothesis of the insertion of boron in the structure. 

Therefore, this second hypothesis does not appear more likely than the formation of 

hydride at high potential. In addition, preliminary in situ XRD measurements did not 

reveal the formation of crystallized PdB structures (however, an amorphous phase could 

still be formed) 

To complete the study about this formation of “supposedly” hydrides, new DEMS 

measurements were performed to observe the hydrogen escape during the PdH 

insertion procedure. A new Pd electrode was considered to mimic the model conditions 

of the mirror-polished RDE electrode: a polycrystalline Pd plate (0.2 mm thick, 

Sgeo = 0.785 cm²) was pierced by numerous holes and pressed against the PTFE 

membranes at the bottom of the cell, so that the gaseous species produced could be 

sucked by the vacuum and detected by the mass spectrometer. Isotopic NaBD4 was used 

to differentiate the contributions from the decomposition of the water (H2: Im/z=2) and 

the species produced by the BOR (HD: Im/z=3 and D2: Im/z=4). The concentration was kept 

at 1 mM naBD4 in 1 M NaOH to avoid excessive formation of bubbles, parasitizing the 

spectrometric current with noise. Because of this low concentration and the large 

surface area of the electrode, it shall not be completely poisoned (as the RDE was), so 

the hydride formation will not be limited in the similar way as in Figures III.18 and 

III.20. Therefore, the lower potential window as well as the CA potential were decreased 

to E = -0.2 V vs RHE in order to ensure a good PdH insertion. The insertion times were 

also increased to reach overall conditions similar to for the first measurement (Figure 

III.17a). Both cycles measured after each of these periods are again represented 

separately and accompanied by their corresponding ID2 current (Figure III.21). No 

calibration of the cell was performed in supporting electrolyte, because of the hydride 

formation. For clarity reason, Im/z=3 current is not displayed, since no significant 

information can be obtained from its value.  
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Figure III.21. PdH insertion procedure coupled with DEMS: 2 cycle CVs alternated with 
increasing time at E = -0.2 V vs RHE in 1 M NaOH + 1 mM NaBD4. The electrode used is 
a pierced polycrystalline Pd disk (Sgeo = 0.785 cm²) to allow gaseous species to sucked by 
the vacuum and detect by the mass spectrometer. Im/z=4 (D2) and Im/z=2 (H2). Ar-saturated 
electrolytes, T = 20°C, vs = 10 mV.s-1. 

First of all, the amount of hydrides formed in the electrode increases accordingly to the 

insertion time; so does the maximum current; the potential of the peak of desorption is 

once again directly related to the time spent at E = -0.2 V vs RHE. Because the surface 

of the electrode is not as well defined as the RDE tip, the shape of the CVs is less distinct 

and the peak is way broader. However, all signals reach back the initial state already on 

the cathodic scan of the first cycle (even after 120 min of insertion), which results in all 

the second cycles being similar. The corresponding D2 current measured is however 

interesting, since for the first cycle a peak appears at the start of the BOR and decays 

around E = [0.3, 0.4] V vs RHE, its potential depending of the insertion time. Then all 
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D2 is valorized until the formation of oxides starts: the more hydrides are released from 

the surface the later D2 is detected. This corresponds to an Au-like behavior, where H2 

escapes the electrode in the kinetic limiting region of the “partial dissociation” pathway. 

The second region of D2 detection is way more pronounced than on Au, because the 

oxides form at lower potential and at a slower rate (corresponding to the H2 escape 

observed on Pt). However, on the second cycle, the Im/z=4 contribution at low potential 

drastically decreased, since all the additional hydrides were stripped from the electrode. 

The remaining current results from the insertion of hydrides during the potential scan: 

as soon as the BOR starts, they are removed and the reaction can switch back to the 

“fully-dissociated” pathways. On the last cycles (after 60 and 120 min of insertion time), 

almost no D2 species are detected in this low potential region, meaning that the surface 

is not forced to form the BH3,ad; this suggests that the morphology of the electrode is 

again modified, even if it is not clearly observed on the faradic current.   

Finally, a last observation can be made confirming the formation of hydrides in the Pd 

electrode. The Im/z=2 current is present for the last CV after 120 min of insertion time at 

E = -0.2 V vs RHE (no significant signal emerged from the noise for the previous one). 

For E > 0.5 V vs RHE, the signal starts to increase and can now be discerned from the 

baseline. This potential corresponds to the moment where no more D2 is detected and 

where the faradic current surpasses the maximum current reached at the initial state. 

This means that at this potential, the exceeding current is only produced from the 

hydride being released from the electrode structure. It is accompanied by a slight H2 

detection, confirming that the hydrides inserted at -0.2 V vs RHE originate from the 

water decomposition. This current is really small, because most of the species are 

directly oxidized, explaining why it is not observable for a shorter insertion time (and 

therefore smaller amount of H atom inserted). In the second cycle, no more H2 is 

detected and the only decrease along the scan suggests that H2 was gradually escaping 

the surface in the course of the characterization when the electrode was initially 

saturated from hydrides. 

Overall, this study to observe the behavior of Pd and PdH during the BOR confirmed 

the reaction model proposed earlier. The interaction between Had species and other 

products of reaction, such as BHad and BH3,ad was demonstrated to be very complex. To 

understand how the hydrides still form at potentials higher than their standard potential 

on an active site-limited surface, further DFT calculations as well as kinetic simulation 

would be required. Moreover, in situ XRD of the electrode would allow to directly 

observe the change in its lattice parameter during this insertion confirming this 

hypothesis with physical characterization and not indirect effects resulting from this 

structure modification. Such measurements have been performed last July at the 
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European Synchrotron Research Facility (ESRF), and their future analysis (which is 

time-consuming) could enable to definitively unveil this PdH question. 

 

III.4 Conclusion and moving to non-noble BOR catalysts 
 

In this chapter, the effect of the borohydride concentration was presented on noble-

metal catalysts, which are the most-used ones for the BOR and DBFC applications in 

the literature [120]. It was demonstrated that platinum electrocatalysts suffer from 

severe poisoning of their surface once the concentration is increased from the 

laboratory scale (5 mM NaBH4) to the FC operation conditions (500 mM NaBH4). This 

induces a modification of the borohydride oxidation reaction pathway from a “fully-

dissociated”, promoting fast charge-transfer kinetics and large current generation at 

low overpotential (for E > 0 V vs RHE), to the “partially-dissociated”. In the latter, the 

formation of BH3,ad intermediate species is forced due to strong surface poisoning by 

BHad adsorbates, inducing significant faradic efficiency losses because (i) of their 

desorption or dehydrogenation and (ii) the slower charge-transfer kinetics of their 

oxidation reaction. The intensity of this detrimental poisoning effect depends on the 

ratio of the number of active sites over the number of active species brought to the 

surface. This means that a highly developed surface area composed of nanoparticles 

supported on carbon, used in DBFC systems, will be less affected by this poisoning at a 

given NaBH4 concentration, but however will still require optimization of the 

operational conditions to minimize it.  

Au electrodes were then demonstrated as poor BOR electrocatalysts with large 

activation overpotential, making them unsuited for use at a DBFC anode. This noble 

metal is still often investigated for this reaction though, because of its misleading open 

circuit potential and related poor activity for the HER. Indeed, rather lower OCP values 

(compared to a Pt electrode) are reached suggesting that the reaction would produce 

electrons for very low overpotential. However, unlike on Pt, the reaction on Au only 

proceeds through the “partially-dissociated pathway” with particularly slow charge-

transfer kinetics. The only beneficial aspect of the BOR on Au following the same 

mechanism for all conditions, is that the poisoning of the surface is rather small even 

for large borohydride concentrations, resulting in a reaction only limited by the charge-

transfer kinetics. Micro-kinetic simulations were performed based on the proposed BOR 

model, using the experimental data presented here and gathered from the literature, and 

the results of DFT calculations; it produced results agreeing adequately with these data, 

even at large borohydride concentrations, for both the Pt and Au electrodes.  



Chapter III: BOR mechanism on noble and model surfaces 

 

122 
 

Palladium was then tested for the BOR, since it presents promising performance and is 

often used as a substitute to Pt as anode catalyst in DBFC systems. However, less 

fundamental studies have been performed on this metal in the past. Previous DFT 

calculations [216] allowed to expect a full (to BHad) dissociation of BH4- ions on the Pd 

surface, suggesting a similar BOR behavior as on the Pt electrode. However, the data 

proved different with delayed onset of reaction and a first limitation plateau similar to 

the Au electrode, signifying a partial reaction with around 4 electrons produced per 

BH4- species oxidized. This unexpected result was accompanied by a sharp oxidation 

peak surpassing the theoretical maximum current of the BOR. A mechanism involving 

formation of structural hydride when Had are produced by dissociation of BH4- and 

BH3,ad species, forcing the reaction to occur (once again) through the “partially-

dissociated pathway” was thus proposed. This tentative mechanism is capable to explain 

why the BOR on a Pd electrode is more similar to Au than Pt, with the benefit of having 

faster charge-transfer kinetics for the oxidation of BH3,ad, though. A detailed study 

about this hydride allowed to demonstrate an odd behavior, where PdH is present at 

potential as high as 0.6 V vs RHE in presence of borohydride on a surface fully-blocked 

by intermediate species. This structure modification will need further investigations to 

be fully understood: detailed DFT calculations on both Pd and PdH surfaces will be 

required, to confirm the possible and stable adsorbed species, as well as in situ physical 

characterizations to certify that this different BOR mechanism is induced by hydride 

formation. Once all these data will be gathered, the micro-kinetic simulation would be 

possible to corroborate the proposed BOR mechanism on Pd electrodes.  

This effect explains why the BOR occurs differently on Pd and why this metal is less 

affected by the poisoning of the surface, thanks to faster charge-transfer kinetics for the 

oxidation of BH3,ad [129]. It also explains why Pd electrodes could exhibit better 

performance than the Pt ones if the latter is not optimized in the system where it is 

used. However, the price of Pd started to noticeably increase in 2016, and reached the 

price of Pt in 2018 [257]. This trend was maintained to this day, making Pd more than 

2 times more expensive than Pt [258,259]. The idea of using this metal as a substitution 

for Pt is therefore rather controversial.  

Another detrimental and very important effect, in addition to this poisoning of the 

catalysts, has been demonstrated to appear on PGM nanoparticles supported on carbon 

substrates. Indeed, when used in alkaline media, critical degradation of the 

electrocatalysts has been observed, in particular for Pt-based nanoparticles. It can be 

observed on Figure III.22, Pt (a, b, c) and Pd (d, e, f) commercial catalysts and their 

corresponding particle size distribution before and after an Accelerated Stress Test 

(AST) in 0.1 M NaOH [260–262]. After only 150 cycles in the 0.1 < E < 1.23 V vs RHE 

potential window, a huge surface area loss of around 60% has been measured for Pt/C 
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[260]. Since the particle size distribution is about the same before and after the AST, it 

means that this loss is mainly due to particle detachment, which is really prejudicial 

towards application in alkaline FCs. The same effect has been observed for Pd 

electrocatalysts but to a lesser extent, since the same loss is observed after 1000 cycles 

in the same conditions [261,262], suggesting once again that this PGM might be more 

suitable than Pt for such applications. 

 

Figure III.22. Stability of PGM catalysts in 0.1 M NaOH: 150 AST cycle on Pt/C (a, b, c) 
and 1000 AST cycle on Pd/C (d, e, f) commercial electrocatalysts (c, f) shows large particle 
detachment. Adapted from Ref [260,261]. 

However, this instability is still really detrimental, since the AST have been performed 

in relatively mild conditions (supporting electrolyte, ambient temperature, 

0.1 < E < 1.23 V vs RHE potential window); besides, adding borohydride to the 

electrolyte will strongly affect the Pd morphology, as described previously, possibly 

enhancing the already significant degradation of the electrode. Lafforgue et al. [263,264] 

completed the previous stability studies on PGM in alkaline media to understand its 

mechanism. The formation of carbonate is accelerated through PGM-catalyzed carbon 

corrosion in the vicinity of PGM nanoparticles. This formation is favored at the 

anchoring point of the nanoparticles, breaking their bond with their support and 

resulting in the irreversible particle detachment. This instability was demonstrated less 

critical for non-noble based catalysts [195,265]. 

Indeed, since the DBFC operates in alkaline medium, non-noble metals such as Co, Cu, 

Fe, Mo or Ni are supposedly stable (against dissolution) and can therefore be used for 

FC applications. These transition metals are already being investigated in several AFC 
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technologies. They are often alloyed with the previously presented noble metals [266–

272] or used in core-shell configuration [273–277] to reduce the overall costs of the 

catalysts while keeping rather good activities. However, using non-PGM catalysts in 

this manner will not change the detrimental effects previously described. PGM-free 

catalysts are also developed for the same applications with a particular focus on Co 

[270,278–281] and Ni-based materials [197,282–288]. However, because of the current 

critical situation of cobalt [89] (Co is the main element in the constitution of positive 

electrodes of the Li-ion batteries) the focus of the MobiDiC project and this PhD to 

develop efficient low-cost DBFC anode has been directed to Ni-based electrocatalysts. 

Promising results were obtained at LEPMI using Ni3M/C catalysts for the ammonia 

borane oxidation reaction [195] with low activation overpotential (oxidation starting 

slightly below E = 0 V vs RHE). The reaction has some similarities with the BOR, so one 

could suppose that the good performance of this catalyst might be reproduced at the 

DBFC anodic reaction. Moreover, A. G. Oshchepkov, who studied in depth the nickel 

catalysts for the HOR and particularly the influence of the state of surface 

[186,187,289,290], joined the MobiDiC project to help and enhance such Ni-based 

catalysts for the BOR. These materials will be evaluated in the next chapter. 
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In order to move towards non-noble BOR catalysts, a specific attention had to be given 

to the state of surface of the materials. This has been addressed in a recent review article, 

that presents the electrocatalytic activity of nickel in different oxidation states towards 

the hydrogen reactions encountered in AFC and more exotic fuels (hydrazine, borane 

or borohydride) [210]. The initial section of this chapter is largely based on this review. 

The influence of alloying Ni with another co-element to facilitate its depassivation will 

also be investigated in this chapter. Lastly, highly active metallic Ni catalysts will be 

presented and compared to PGM ones (the corresponding results having been published 

in [291]). A preliminary mechanism will be proposed for the BOR on such catalysts.  

 

IV.1 Importance of the state of surface of Ni 
 

 Electrochemical behavior of Ni in alkaline medium 

Electrochemical properties of Ni electrodes have been widely studied since the 

beginning of the XXth century, starting from the works of Emelianova [292], Frumkin 

et al. [293,294], Conway et al. [295–302], Breiter et al. [303,304], Bockris and Potter [305] 

and others. The behavior of Ni in alkaline media has been recently summarized by the 

groups of MacDougall [306,307] and Jerkiewicz [308–310], who discussed in detail 

various potential-dependent processes taking place on the surface of Ni electrodes. In 

addition, Oshchepkov et al. have recently unveiled the influence of the surface state of 

Ni electrodes on their HOR/HER activity in the potential interval -0.2 < E < 0.5 V vs 
RHE [186,289,290,311,312]. Below the most relevant information regarding 

electrochemistry of Ni electrodes in alkaline media is briefly summarized. 

To facilitate the discussion about characteristic features of CVs of a Ni electrode (Figure 

IV.1a) as well as its electrocatalytic properties in a number of oxidation reactions, it is 

convenient to define two potential intervals, that depend on the reversibility of the Ni 

oxidation. In the “low-potential region” at -0.2 < E ≤ 0.5 V vs RHE, the surface of a Ni 

electrode can be reversibly oxidized and reduced, while in the “high-potential region” 

at 0.5 < E < 1.6 V vs RHE, the formation of irreversible, passivating, Ni oxides occurs, 

the degree of irreversibility depending on the anodic potential limit. The high-potential 

region can be additionally split into two sub-regions, namely 0.5 < E < 1.2 V vs RHE and 

1.2 < E < 1.6 V vs RHE, depending on the degree of Ni oxidation, as discussed further in 

this section. Below E = 0 V vs RHE and above ca. E = 1.5 V vs RHE the evolution of 

hydrogen and oxygen take place, respectively. In what follows, the processes taking 

place on Ni electrodes in the low- and the high-potential regions will be briefly 
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discussed, mainly focusing on the former one, for which the literature is still not 

consensual. 

 

Figure IV.1. (a) CVs of a polycrystalline Ni electrode in N2-saturated 0.1 mol.L-1 NaOH 
at a sweep rate vs = 50 mV.s-1 and T = 25°C. The first CV in panel a (dash-dotted blue 
curve) covers the potential range from E = -0.2 to 0.5 V vs RHE, while two other CVs (first 
scan – solid black curve and second scan – dashed red curve) cover the potential range 
from E = -0.3 to 1.6 V vs RHE. (b) CVs obtained for metallic and partially oxidized 
polycrystalline Ni electrodes in N2-saturated 0.1 mol.L-1 NaOH at a sweep rate vs = 20 
mV.s-1 and T = 25°C. Adapted from Ref. [186] with permission from Springer. 

 α-Ni(OH)2 formation 

It is generally accepted that the main process occurring in the low-potential region is 

the reversible oxidation of Ni with the formation of surface α-Ni(OH)2 during the anodic 

sweep, followed by its reduction in the cathodic sweep [306,308,313–315]. The common 

use of the term ‘α-Ni(OH)2’ (suggesting formation of a 3D structure with H2O molecules 

incorporated between Ni(OH)2 layers [306]) is explained by the fact that it likely grows 

on the Ni surface through formation of 3D islands of α-Ni(OH)2. This has been 

evidenced by the use of in situ scanning tunneling microscopy [316,317] as well as by 

the analysis of CVs monitored at low (< 263 K) temperatures [315]. According to the 

place-exchange model proposed by Conway et al. for noble metal surfaces [318] and 

later adapted by Alsabet et al. [308], the formation of -Ni(OH)2 proceeds through three 

consecutive steps: firstly, the discharge of OH- anions at the Ni surface and formation 

of adsorbed OH species (Ni-OHad, equation 4.1 ), secondly, the incorporation of OH into 

subsurface between the first and the second layer of Ni atoms ((OH-Ni)quasi-3D lattice, 

equation 4.2) and thirdly, chemisorption of the second monolayer of OH groups on the 

(OH-Ni) quasi-3D lattice (equation 4.3): 

Ni + OH- ⇄ Ni-OHad + e- (equation 4.1) 

Ni-OHad ⇄ (OH-Ni)quasi-3D lattice (equation 4.2) 

(OH-Ni)quasi-3D lattice + OH- ⇄ Ni(OH)2,ad + e- (equation 4.3) 
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The existence of intermediate Ni-OHad species was suggested on the basis of 

electrochemical (mainly cyclic voltammetry) [304,319] and in situ scanning tunneling 

microscopy [317] measurements.  

The influence of the crystallographic orientation of the Ni surface on its electrochemical 

behavior has been studied in several works, dealing either with acid or alkaline media 

[303,304,317,320–324]. While early studies [303,322,324] did not point towards 

noticeable differences in the formation of α-Ni(OH)2 for low-index Ni planes (111), (110), 

(100), the recent work of Esau et al. clearly demonstrates that different crystallographic 

orientation of the Ni surface lead to typical CV profiles [323]: the anodic peak potential 

of α-Ni(OH)2 formation shifts positive following the order (100) < (110) < (111), and an 

additional (pre-)peak appears at lower potential values for the Ni (100) and Ni (110) 

planes (with a less intense pre-peak in the latter case) [303,322,324]. This observation 

agrees with DFT calculations [325,326], which predict structure-sensitive adsorption of 

OHad and other species on the Ni surface (in vacuum). Meanwhile, the potential of the 

cathodic peak is very similar for the three Ni single crystal planes.  

In addition to α-Ni(OH)2, some works mention possible formation of NiO species 

sandwiched between the metal and the outer layer of α-Ni(OH)2 [327–329]. However, 

the amount of NiO formed during potential cycling in the low-potential region can be 

considered insignificant, as evidenced by in situ Raman [313] and IR spectroscopy [330] 

as well as ex situ X-ray photoelectron spectroscopy (XPS) [331]. NiO can also form on 

the surface of Ni electrodes upon contact with oxygen species, followed by its partial 

transformation into α-Ni(OH)2 by reaction with water, either from humid air or an 

aqueous alkaline electrolyte, which results in a three-layer structure Ni | NiO | α-

Ni(OH)2 [329]. Finally, unlike in acidic media, anodic dissolution and cathodic 

redeposition of Ni, which might be expected from Pourbaix diagram [332], have not 

been observed in alkaline electrolytes in the low-potential interval [315,328].  

Except deliberately prepared otherwise (reduced), a Ni electrode surface is usually (at 

least partially) covered by stable Ni oxides (e.g. NiO or -Ni(OH)2); the oxide layer forms 

“spontaneously” either through oxidation of Ni in air (i.e. chemical oxidation) or via 

excursions to high anodic potentials (i.e. electrochemical oxidation). The shape of the 

CV changes substantially with the state of the Ni surface: an additional anodic peak 

shows up for 0.05 < E < 0.15 V vs RHE (Figures IV.1a and 1b) for partially oxidized Ni 

surfaces, this observation being reproducible and reported in several publications 

[188,304,322,327,333–338]. The peak potential and the corresponding current density 

significantly depend on the surface state of the electrode, as well as on the cathodic 

potential limit of the CV [290,335,338]. The origin of that second anodic peak is still 

debated, some authors attributing it to the formation of Ni–OHad, [186,322], others to 

the oxidation of adsorbed/absorbed hydrogen [304,333,334,339], as discussed below. 
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 Hydrogen adsorption 

Hydrogen adsorption is of paramount importance for the HOR/HER on metal electrodes 

(vide infra), and thus has widely been discussed in the literature (see Refs.[340–342] and 

references therein). On Pt and other PGM electrodes, the literature is consensual and 

points to the existence of two types of phenomena: “under-potential” deposition of 

hydrogen (Hupd) at potentials above E = 0 V vs RHE and “over-potential” deposition of 

hydrogen (Hopd) at potentials below E = 0 V vs RHE [340,341]. While the presence of 

Hopd on Ni is commonly accepted, there are significant controversies in the literature 

regarding the existence of Hupd on Ni electrodes. Some researchers insist that, above 

E = 0 V vs RHE, a Ni electrode is covered by adsorbed oxygenated species (OHad/OH-ad 

/H2Oad), which prevent adsorption of Had [308,328,340,343,344]. Others present 

evidence of the existence of Hupd on the surface of Ni electrodes. More specifically, Hu 

and Wen [333] investigated electrocatalytic hydrogenation of p-nitroaniline in alkaline 

medium, and found out that the reaction occurs in similar potential intervals on Ni and 

on Pt electrodes, below ca. E = 0.2 V vs RHE. Considering formation of Hupd on Pt in 

this potential window, they inferred the existence of adsorbed hydrogen on the surface 

of Ni under these conditions as well. The authors of Ref. [333] demonstrated that prior 

oxidation of the Ni electrode surface at Т = 400°C leads to complete suppression of p-

nitroaniline hydrogenation, and attributed this to the blocking of hydrogen adsorption 

by the formed passive layer of NiO, which cannot be electrochemically reduced due to 

insufficient electronic conductivity. In addition, several authors documented 

intersection (named “isopotential”) points in the forward and backward scans of CVs 

recorded until different positive potential limits (for example, Hu and Wen [333], Katic 

et al. [345]), which they attributed to α-Ni(OH)2 formation and hydrogen 

adsorption/desorption occurring in the same potential interval (above E = 0 V vs RHE) 

and competing for the Ni surface sites. This agrees with the adsorption isotherms 

calculated by Pshenichnikov for hydrogen and oxygen adsorption in the gas phase 

[334]. Finally, Oshchepkov [186,289,290,311] studied the HOR on Ni by combining 

electrochemical measurements with microkinetic modelling, and concluded that the 

existence of Hupd on Ni is the most consistent explanation of a large amount of 

experimental data for the HOR on Ni electrodes subjected to various surface treatments 

(reductive vs oxidative). 

Along with experimental works, significant number of computational studies have 

explored the adsorption of H, OH, O and other species on Ni. Whereas the binding 

energy values computed using DFT and reported by different research groups, vary 

depending on the density functional used for the calculations, some general trends can 

be identified. Firstly, it is commonly accepted that oxygen atoms (Oad) adsorb on Ni 

much stronger on nickel than hydrogen atoms [325,346,347]. Ranging the H and OH 
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binding energies is less evident: some studies report stronger adsorption of OH 

compared to H, others present similar H and OH adsorption. For example, the binding 

energy values computed by Bai et al. [347] for H and OH on different sites on Ni(111) 

using self-consistent GGAPW91 functional (at a ¼ monolayer coverage) are: H (−2.89 

(fcc); −2.88 (hcp)); OH (−2.47 (top); −2.92 (bridge);  −3.01 (fcc); −2.91 (hcp) eV); these 

figures highlight that the binding energy strongly depends on the type of surface site, 

and that H and OH adsorption energies are comparable. Taylor et al. [348] performed 

ab initio calculations in order to probe the influence of water and surface charges on 

the hydrogen adsorption on Ni(111). Based on calculated Gibbs energies of adsorption, 

they constructed a potential-pH diagram for the hydrogen-Ni(111) system, which 

corroborates hydrogen adsorption on Ni above E = 0 V vs RHE (hence, Hupd), and 

suggests that equilibrium potential of the Had/H+ couple shifts positive with pH. Besides, 

according to theoretical calculations, adsorption energies for Had and OHad demonstrate 

different coverage dependence. For Greeley and Mavrikakis, the strength of Had to 

Ni(111) only slightly decreases from 0 to 1 monolayer coverage [349], while Juares et al. 
[346] found that, because of their high negative charge, OHad on Ni strongly repel each 

other, leading to a significant decrease of the adsorption strength with the coverage. So, 

under certain conditions, adsorption of hydrogen may become more favorable than for 

OHad species. Also, according to DFT calculations [350,351], the state of the Ni surface 

(namely the presence of adsorbed oxygen in the vicinity of metallic Ni sites) largely 

affects the adsorption energy of the Had. This conclusion is also supported by 

microkinetic modelling [186,289,290] of the HOR on Ni electrodes, as discussed in the 

following sections. 

In the end, if one acknowledges the existence of Hupd on Ni in the potential interval 

from E = 0 to 0.2 V vs RHE, the anodic CV peak at ca. E = 0.3 V vs RHE in Figure IV.1a 

should not be interpreted as α-Ni(OH)2 formation on free Ni surface sites but rather as 

Hupd replacement by OHad followed by the conversion of the latter into a surface α-

Ni(OH)2 layer (equations 4.2 and 4.3). This parallels the case of hydrogen UPD on Pt, a 

supposedly well-understood phenomenon until recently: new evidence from 

electrochemical experiments, DFT calculations and surface science studies (see Janik et 
al. [352] and references therein) confirms that certain peaks observed in the potential 

interval of hydrogen UPD do not correspond to Hupd, but rather to the replacement of 

adsorbed H atoms by OH on low-coordinated Pt sites. 

 α-/β-Ni(OH)2 and Ni(OH)2/NiOOH transition 

In the high-potential region, increasing the potential from E = 0.5 to 1.2 V vs RHE leads 

to dehydration of α-Ni(OH)2 and its irreversible transformation into β-Ni(OH)2, along 

with the formation and/or thickening of the NiO [306,307,309,310,313,317,329,353]. 

Formation of a stable β-Ni(OH)2 layer leads to an attenuation of the cathodic peak in 
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the low-potential region (Figure IV.1a), firstly followed by its shift towards more 

negative values [308,319,354], and finally, once β-Ni(OH)2 fully covers the electrode 

surface (red curve on Figure IV.1a), complete disappearance of the peak in the low-

potential region [306,336,338]. Above E = 1.2 V vs RHE, α/β-Ni(OH)2 further transforms 

into γ/β-NiOOH, resulting in the emergence of an anodic peak around E = 1.4 V vs RHE 

(Figure IV. 1a). The corresponding cathodic peak appears around E = 1.3 V vs RHE and 

at low sweep rates is often split into two components, owing to the presence of two 

distinct (β and γ) phases of the surface NiOOH oxyhydroxide [355–357]. Above E = 1.5 

V vs RHE, the surface of the Ni electrode is covered by NiOOH and NiO, as evidenced 

by in situ Raman spectroscopy [287,353,358–360] and both ex and in situ XPS 

measurements [331,361,362]. The crystal plane-orientation dependence of Ni oxidation 

in the high-potential region has not been observed, likely because of the fast structure 

disordering at high potentials [303,323,324]. 

 Activity of Ni towards the hydrogen reactions 

Literature data regarding the kinetics of the HOR on Ni (and HER at low cathodic 

overpotentials) is very contradictory [190,304,305,322,344,363–366], which may be 

attributed to the strong influence of the electrode pre-treatment and thus the state of 

the surface on the reaction kinetics [186,289,290,367,368]. In the vicinity of the 

equilibrium potential, a purposely-reduced metallic Ni electrode (see black solid trace 

in Figure IV.2b) shows a very small HOR current, which then increases until it peaks at 

ca. E = 0.25 V vs RHE (i.e. close to the anodic peak position observed under N2 

atmosphere on Figure IV.2a), and then decays again. Oshchepkov et al. attributed this 

low activity of metallic Ni to the slow kinetics of the Volmer step, likely due to the 

strong adsorption of Had species already mentioned above [186,289,369,370]. Indeed, 

according to the results of kinetic modelling, the surface coverage of Had (θH) on metallic 

Ni is high under N2 atmosphere, and further increases in the presence of H2, adsorbed 

hydrogen atoms dominating on the surface until ca. E = 0.2 V vs RHE (Figures IV.2a and 

2b, for details a reader is referred to Ref. [289]). The obtained data agree with the 

hydrogen adsorption isotherm (in the gas phase) reported by Pshenichnikov [334]. 

Besides, according to Taylor et al. at pH = 13 the equilibrium potential for Had/H+ is 

similar to 0.2 V, which confirms the data of Figure IV.2a [348]. At higher potential 

values, formation of α-Ni(OH)2, which proceeds through OH adsorption (see θOH and 

θ(OH)2 traces in Figures IV.2), results in blocking of the Ni active sites [186,308,325,351]. 

Thus, considering the kinetics of the HOR on Ni electrocatalysts also requires 

accounting for the processes of the Ni surface hydroxide formation and reduction, since 

they occur in the same potential range as the HOR. Besides, the coexistence of both Ni-

Had and Ni-OHad species on the electrode surface might result in their recombination 
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with the formation of water through the following reaction (‘bifunctional’ 

mechanism)[368]: 

Ni-Had + Ni-OHad ⇄ H2O + 2 Ni (equation 4.4) 

The contribution of the latter step to the HOR mechanism was shown unlikely on a 

pure metallic Ni surface, because of the very strong adsorption of Had on Ni and thus 

the high activation barrier for the recombination reaction [311]. Nevertheless, the 

recombination step might contribute to the HOR on bimetallic NiM electrocatalysts 

and/or partially-oxidized Ni electrodes, when the adsorption energies of Had and OHad 

are weakened [290,311].  

 

Figure IV.2. Experimental anodic scans of CVs (black solid curves) for (a, b) metallic 
and (c, d) partially oxidized polycrystalline Ni rod in (a, c) N2- and (b, d) H2-saturated 
0.1 mol.L-1 NaOH at vs = 5 mV.s-1 and T = 25°C. Dashed curves represent the simulated 
data of either CVs or coverage of the electrode surface by various adsorbates. Note that 
only Ni metal sites free from stable oxide species (NiOx surface coverage is estimated to 
be ca. 14 %) were considered for calculations. Data are replotted from Ref. [289] with 
permission from Elsevier. 

The catalytic activity of metallic (‘reduced’) Ni electrodes being rather low, several 

approaches are currently proposed to improve the performance of Ni and Ni-based 

electrocatalysts in the HOR. It is possible to target (i) the decrease of the Ni-Had binding 
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energy and hence the increase of the Volmer step kinetics, (ii) the increase of the 

kinetics of the recombination step, or (iii) the modification of the oxidation propensity 

of Ni surface, thus extending the operating potential window of an AEMFC with a Ni 

anode.  

 

 Activity of polycrystalline Ni for the BOR 

The activity of Ni towards the BOR has been investigated since 1962 [371] and has been 

largely debated in the literature in recent years. Ni was commonly reported as poor 

electrode material with slow reaction kinetics [145,372,373]. Nevertheless, some studies 

presented promising results in particular regarding a low onset potential [374–376]. 

Most of the time, the state of surface of the Ni-based catalysts was however not 

investigated or even ignored. However, as presented above (for the hydrogen reactions) 

it can notably modify the electrochemical behavior of such materials. With the 

knowledge brought by Oshchepkov et al. regarding the hydrogen reactions and about 

the BOR on model surfaces (Chapter III), some hypotheses can already be made. As 

explained for noble surfaces, the onset of the BOR is a mixed potential resulting from 

the competition between the BOR, the HOR and the HER; this competition explains why 

Pt cannot exhibit onset potential below ca. -100 mV vs RHE (Pt is a very good HER/HOR 

catalyst, and its electrode potential is largely determined by hydrogen reactions as 

explained in Chapter III). The HER/HOR activity of Ni depends, however, on it oxidation 

state: a purely metallic surface presents really poor hydrogen evolution/oxidation 

kinetics. Some preliminary DFT calculations made by Rostamikia et al. predict that the 

adsorption of BH4- on Ni should occur dissociatively (similarly as on Pt) [216] and 

therefore the BOR kinetics should be fast at low potentials. Combined together, these 

two properties should lead to very low BOR onset potentials, provided the state of 

surface of the Ni electrode is indeed controlled as “reduced”.  

In order to confirm this hypothesis a polycrystalline Ni rod was used as an electrode in 

the RDE configuration, in similar conditions as the PGM model surfaces presented in 

Chapter III. The 5 mm (0.196 cm²) rod was polished prior to each measurement to obtain 

a metallic surface. The experimental details to obtain such surface as well as different 

oxidation procedures applied in order to vary the oxidation state of the electrode are 

described in the section “II.1.2 Electrodes and catalyst inks preparation”. The typical 

CVs obtained in supporting electrolyte of the polished and EC-oxidized Ni rod surfaces 

are presented on Figure IV.3a. The redox transition peak observed around E = 0.25 V vs 

RHE confirms the metallic state of the fresh electrode (black curve) and shows that even 

after partial oxidation (red curve), a fair amount of the surface is still metallic. The 

electrochemical surface area (ECSA) was calculated for each electrode following the 
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procedure detailed in section “II.2.2. Electrochemical Surface Area Determination”. The 

ECSA of the fresh electrode is SNi = 0.56 cm² and SEC-ox = 0.54 cm² for the partially-

oxidized one, showing an overall similar surface area. This is not expected since the 

ECSA measurement is supposed to only give the surface of metallic sites. For partially 

oxidized electrodes, this ECSA determination technique might not be adapted: a 

significant current in the 0 V < E < 0.2 V vs RHE potential region is measured and 

integrated in the surface calculation (see section “II.2.2 Electrochemical Surface Area 

Determination” for more details). Because this current is a result of hydrogen 

desorption/oxidation generated during the HER, the resulting ECSA calculated will be 

overestimated. The decrease of the transition peak observed around E = 0.25 V vs RHE 

confirms the decrease of the number of metallic site after the partial oxidation. 

 

Figure IV.3. (a) CV in supporting electrolyte (1 M NaOH) in the low-potential region 
for non-oxidized and EC-oxidized Ni. (b) Irreversible oxidation of Ni in the “full” potential 
region in the presence of 50 mM NaBH4. BOR characterizations (5 mM NaBH4) for the (c) 
non-oxidized (metallic) Ni and (d) EC-oxidized Ni rod, ω = 0 rpm, vs = 20 mV.s-1. 

Again, the better HER activity of the partially-oxidized surface can be observed in 

supporting electrolyte (Figure IV.3a): the reaction starts just below E = 0 V vs RHE, 

while only a pseudo-capacitive current is observed on the metallic surface at E = -0.11 

V vs RHE. Figure IV.3b demonstrates the drastic effect of a strong oxidation of the Ni 

surface on the BOR kinetics, and explains why the potential range should be limited to 

ca. 0.4 V vs. RHE when dealing with Ni electrodes. While in BOR conditions, a faradic 
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current is observed already at potentials below 0 V vs RHE on the first anodic scan, 

when the α-Ni(OH)2 layer formation begins, the current starts to drop and reaches zero 

once this layer is complete. At higher potential the surface α-Ni(OH)2 layer transforms 

into a β-Ni(OH)2 one and after E = 1.2 V vs RHE into a reversible γ/β-NiOOH form. This 

surface layer shows activity towards the BOR, but is unfortunately only stable at high 

potential, being irrelevant for a DBFC application. Because no metallic or α-Ni(OH)2 

species are present on the surface at this potential, no reactivation is observed at low 

potential for the cathodic sweep and for all followings scans. This is the first 

confirmation that the metallic phase of Ni is more active for the BOR than a strongly-

oxidized one. 

When the potential is maintained in the “low potential region” (from -0.2 V to 0.4 V vs 

RHE), oxidation of the Ni surface is reversible and repeated scans can be measured on 

either metallic or partially oxidized Ni electrode in supporting electrolyte (Figure IV.3a), 

which is not the case when the potential is swept to the high potential domain (Figure 

IV.3b). The metallic Ni electrode (non-oxidized Ni, Figure IV.3c) displays an 

astonishingly low BOR onset potential of -0.2 V vs RHE, confirming the hypothesis 

presented above. An equally important factor is the kinetics of reaction observed with 

this surface: a large faradic current is already observed below E = 0 V vs RHE, in 

opposition with noble metals presenting higher onset potentials (see Chapter III). A 

limiting current seems to appear at potentials slightly higher (ca. E = 0.1 V vs RHE), but 

quickly falls when the α-Ni(OH)2 layer starts to form. The partially-oxidized surface 

(EC-oxidized Ni, Figure IV.3d) displays a significantly lower BOR activity with a higher 

onset potential, attributed to the better HER activity (similar to the case of Pt, whose 

high HOR/HER activity is responsible for the high BOR onset potential), and a 

maximum current two times smaller. This is explained by the fact that less metallic sites 

are available at the surface as demonstrated by the CV in supporting electrolyte (Figure 

IV.3a) where the α-Ni(OH)2 peak is also around two times smaller. This experiment 

confirms that Ni is a good BOR catalyst, but only when its state of surface is precisely 

controlled, the slightest oxidation resulting in an irreversible performance loss. 

The metallic Ni surface is subjected to a non-negligible BOR current decrease on both 

ongoing scans at each cycle iteration (Figure IV.3c). This could indicate either that 

scanning up to 0.4 V vs RHE results in a slight irreversible oxidation or that some 

intermediate BOR species start to poison the surface. On the contrary, for the partially-

oxidized electrode (Figure IV.3d), the current slightly increases after each cycle, and the 

onset potential decreases in the meantime. This indicates that the strongly-reducing 

borohydride solution actually helps to depassivate (at least partly) the electrode. By 

looking at these two sets of CVs, it is difficult to answer if the current decrease for the 

metallic Ni electrode is caused by oxidation of the Ni surface, poisoning or maybe both 
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at the same time. The influence of the upper potential limit has been evaluated in order 

to understand the behavior of the metallic Ni electrode in BOR conditions. To control 

the mass-transport rate, the rotation of the RDE was set to ω = 1600 rpm. Figure IV.4 

displays CVs obtained with the upper potential limit increased from 0.1 V to 0.4 V vs 

RHE in 0.1 V increments. When the potential scan is reversed at 0.1 V vs RHE (Figure 

IV.4a) the overall current decreases at each cycle, even more significantly than during 

the previous experiment. After only 5 cycles a significant 50% loss is observed. The onset 

potential is not affected, though, meaning that the surface remains metallic (in this 

potential region, Ni-oxide formation is unlikely). Overall, this means that a large 

poisoning of the surface occurs: the BOR is not complete, so intermediate species are 

progressively blocking the active sites. 

 

Figure IV.4. CVs of freshly polished Ni-rod (5 mm) in 1 M NaOH + 5 mM NaBH4 with 
increasing upper potential limit. N2 saturated electrolytes, room temperature, ω = 1600 
rpm, vs = 20 mV.s-1. The dotted trace in (d) is the CV of the metallic Ni-rod in supporting 
electrolyte. 

The CVs scanned up to 0.2 V vs RHE (Figure IV.4b) are essentially overlapped, except 

at the highest potential region, in which the current starts to (very slightly) decrease at 

each cycle, probably owing to the beginning of α-Ni(OH)2 formation; increasing further 

the upper potential should then result in larger α-Ni(OH)2 formation and further current 

loss. However, when cycling up to E = 0.3 V vs RHE (Figure IV.4c) the current 
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surprisingly increases and reaches a stable state after the third cycle. It can be explained 

by the fact that the same electrode was used successively for each measurement: over 

the cycles, the surface accumulated adsorbed intermediate BOR species (which could 

not be oxidized at low potential) and scanning to higher potentials enabled their 

oxidation, freeing the electrode surface. The positive effect is however only transient; if 

the potential is increased further to E = 0.4 V vs RHE, the decrease of the BOR current 

at each cycle observed on Figure IV.3 is again witnessed (Figure IV.4d). Moreover, the 

onset potential increases at the same time, suggesting a partial oxidation of the 

electrode; this partial oxidation does not prevent poisoning of the surface, which still 

occurs when the upper potential is maintained “too low” and the reaction is not 

complete, leaving intermediate species blocking the active sites. The CV in supporting 

electrolyte superposed with the BOR one (Figure IV. 4d) allows to clearly see that the 

current starts to drop as soon as the oxidation of the surface begins (E = 0.2 V vs RHE) 

and that the current tends to drop to almost 0 once the full α-Ni(OH)2 layer is formed. 

The poisoning effects can also be investigated by increasing the concentration of 

borohydride. Figure IV.5 presents the BOR activity of a metallic Ni-rod for NaBH4 

concentration varying from 0.5 mM to 500 mM with the same increasing upper potential 

limits. Only the fifth scan is represented for each concentration. First of all, the onset 

potential significantly decreases when the NaBH4 concentration is increased from 0.5 

to 5 mM (Figure IV.5a). For higher concentrations, it remains the same because BH4- 

adsorption becomes limited by the number of active sites on the electrode surface 

(polished bulk electrode). However, the concentration is really impactful on the reaction 

kinetics (BOR current). When the upper potential limit is insufficient to oxidize the 

adsorbed BOR intermediates (upper potential limit of 0.1 V vs RHE, Figure IV.5a), the 

current obtained at 50 mM is similar to that at 5 mM until E = -0.05 V vs RHE is reached, 

because of a significant poisoning by intermediate species that are not stripped fast 

enough at 0.1 V vs RHE. At higher upper potential limit, the current is less limited for 

E < 0 V vs RHE, because the surface is now blocked to a lesser extent (in each cycle, 

these adsorbed intermediates can be at least partially stripped for E > 0.1 V vs RHE, the 

stripping being more efficient when the upper potential limit increases). However, if 

the concentration is increased to DBFC operation values like 500 mM, the amount of 

species adsorbed on the surface increases sharply, and their stripping becomes 

incomplete within the surveyed potential window, which in the end limits the BOR. In 

consequence, a smaller current is recorded for 500 mM NaBH4 than measured at 50 mM 

NaBH4. It is also possible to observe on Figure IV.5d that this severe poisoning delays 

α-Ni(OH)2 formation: the peak current is reached at a potential 50 mV higher than with 

smaller concentration. However, this delay, induced by the important coverage of the 

surface by adsorbed species, is also accompanied by slower charge transfer kinetics, 

resulting in an overall 50 mV loss in terms of voltage. This could be significant in a 
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DBFC, and a highly developed surface area must be used in order to limit this poisoning 

effect. In any case, with a smooth Ni surface like here (small roughness), 50 mM seems 

to be close to the optimal concentration for an efficient BOR; one can posit that the 

optimal concentration scales with the roughness of the Ni electrode, high roughness 

electrodes likely being capable to valorize larger NaBH4 concentrations. This hypothesis 

will be tested in the forthcoming sections of this chapter. 

 

Figure IV.5. CVs of freshly polished Ni-rod (5 mm) with increasing upper potential 
and NaBH4 concentration from 0.5 mM to 500 mM in 1 M NaOH. N2 saturated electrolytes, 
room temperature, ω = 1600 rpm, vs = 20 mV.s-1. 

To investigate further the reaction kinetics, the influence of the rotation rate was varied 

for 5 mM and 50 mM borohydride concentration (Figure IV.6). The rotation rate values 

were set in order to obtain a constant current increase and therefore to test whether the 

reaction is only limited by mass-transport and follows Levich’s law (a constant plateau 

should appear for each rotation rate). A second cycle is measured at 0 rpm at the end of 

the measurement to check if the surface changed. At 5 mM (Figure IV.6a), when the 

convection is forced at 400 rpm, the current significantly increases compared to a static 

electrode (0 rpm); however, every time the rotation rate increases (900, 1600 then 2500 

rpm), the current drops, which is unexpected if the reaction is mass-transport limited 

by diffusion-convection in the bulk electrolyte. Here, it can be postulated that the upper 

scan limit for this measurement is too low to enable complete stripping of BOR 
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intermediates (during the potential scan); thus, the reaction is not complete, reaction 

intermediates gradually block the electrode surface and the number of active sites 

(limited for the metallic Ni-rod) gradually decreases in the course of the measurement. 

It is also likely that the surface poisoning scales with the rotation rate: the more BH4- 

species are brought to the surface (at high rotation rates) the stronger the surface 

blocking by BOR intermediates. Within this hypothesis, it is no surprise that the same 

effect is observed at higher NaBH4 concentration (Figure IV.6b), but in an enhanced 

manner, because of a higher coverage by the poisoning BOR intermediates at the 

electrode surface. The reaction then becomes completely limited by the charge-transfer 

kinetics (and hence the number of active sites on the electrode surface): as a result, the 

current increase measured with forced convection is not significantly higher than in a 

stagnant electrode configuration.  

 

Figure IV.6. CVs of freshly polished Ni-rod (5 mm) with increasing rotation rate of the 
RDE in (a) 1 M NaOH + 5 mM NaBH4 and (b) 1 M NaOH + 50 mM NaBH4. vs = 20 mV.s-1 
N2 saturated electrolytes, room temperature. 

Overall, the metallic Ni-rod proved to be an interesting model material to test the 

activity of metallic Ni for the BOR. Promising BOR activity is measured, especially in 

terms of the onset potential. The reaction rate increases noticeably above the onset 

potential and significant current is measured already below 0 V vs RHE; this is a positive 

behavior versus the case of Pd electrodes, where the onset potential is low but the 

reaction rate remains low below 0.2 V vs RHE (see Chapter III). The use of metallic Ni 

proved to be the key to reach such high activity using Ni surfaces; this finding explains 

why controversies are reported in the literature regarding the BOR activity of Ni 

surfaces. However, it was shown that maintaining this metallic state requires a precise 

control of the applied anodic potential and that even a slight oxidation immediately 

results in a noticeable activity loss. The kinetics of the reaction also appeared strongly 

limiting, because the number of active sites is quite limited for a smooth-polished 5 mm 

polycrystalline rod. Using highly developed surface area catalyst materials such as Ni-

based nanoparticles supported on carbon supports will surely be key in reaching higher 

(a) 

(b) 
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apparent activities, especially at larger NaBH4 concentrations. Such materials are 

studied in the following section. 

 

IV.2 Bimetallic “NixM” BOR catalysts 
 

The issue encountered with commercial Ni-based electrocatalysts is their synthesis 

method, which often requires a passivating step at fairly high temperature in ambient 

atmosphere; this results in an irreversible oxide formation, which cannot be reduced 

electrochemically. Such step shall therefore make the materials inefficient as BOR 

catalysts, as it was just demonstrated that a purely metallic state is required to reach a 

good BOR activity. 

Table IV.1: List of bimetallic NixM catalysts tested for the BOR 

Catalysts Group 
Year 

synthesized 
Initial purpose Ref 

Ni3Pd/KB 

UNM 2016 
Ammonia Borane 

Oxidation 
[195] Ni3Ag/KB 

Ni3Co/KB 

Ni3Mo/KB UNM 2015 
Hydrazine 

Oxidation 
[196] 

Ni/C 

Technion 2019 HOR [283] 
Ni3Co/C 

Ni3Fe/C 

Ni3Cu/C 

Ni7Co/C 

Technion 2019 BOR / Ni7Fe/C  

Ni7Cu/C  

Alloying is one of the most commonly used methods to modify the physicochemical 

properties of a metal. In this section, bimetallic NiM catalysts are presented as potential 

catalysts for the BOR. Different co-elements are considered, as they may influence the 

propensity of Ni to depassivation in alkaline medium and therefore increase its overall 

activity to oxidize borohydride at low potential. Two different sets of catalysts were 

synthetized by the group of Prof. Atanassov (formerly University of New Mexico 

(UNM), now University of California, Irvine, USA) and Prof. Dekel (Technion, Israel) at 

different periods and using different co-elements. All the catalysts tested as well as their 

characteristics are presented in Table IV.1. The catalysts of UNM were synthetized 

several years ago and presented promising results towards the borane oxidation as 

mentioned in Chapter III [195], but also towards the hydrazine oxidation for NixMo 

[196]. The set synthesized in Technion is composed of Ni3M catalysts initially made for 
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HOR and Ni7M (with the same co-elements) made specifically for this study in order to 

observe the influence of the co-element in different proportions. Figure IV.7 presents 

the TEM images of the fresh catalysts synthesized at Technion. All these catalysts were 

differentiated into two different morphologies: Ni/C, Ni7Co/C, Ni3Cu/C, Ni7Cu/C 

presented NPs of around 20 nm diameter and a well-defined core-shell structure; 

Ni3Co/C, Ni3Fe/C, Ni7Fe/C presented single-phased NPs, less homogenous in size with 

two populations: 20 nm and a few nm. 

 

Figure IV.7. TEM images at different magnification of Ni7Co (blue border) and Ni3Fe 
(green border) revealing two different morphologies: core-shell and uniform 
nanoparticles. 

 BOR activity of NixM catalysts 

The procedure to obtain RDE thin films using these Ni-based materials is detailed in the 

section ‘II.2. Electrodes and catalysts ink preparation” as well as the activation step 

required to reduce as much as possible the surface of the nanoparticles. All electrodes 

were prepared with a metal loading of lmetal = 100 µg.cm-2. In order to quickly establish 

the BOR activity of each catalyst, CVs were performed after conditioning in 50 mM 

NaBH4, and using the [-0.2, 0.3] V vs RHE potential limit. To investigate the reaction 

kinetics, the forced mass-transport was changed following a sequence of six different 

rotation rates: 400 rpm, 900 rpm, 1600 rpm, 2500 rpm, 0 rpm, 400 rpm. This cycle was 

chosen to respect a linear current increase between each rotation rate from 400 to 2500 

rpm, as mentioned in the previous section. The second 400 rpm is used as a marker to 
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control the possible change of the surface state of the catalyst in the course of the 

measurement, and therefore to check the reproducibility of the characterization. In a 

first step, the catalysts synthetized at UNM [195,196] were investigated and the obtained 

CVs are represented in Figure IV.8. Ni3Pd/KB and Ni3Ag/KB present relatively high 

onset potential (E > -0.1 V vs RHE), implying already that the surface might mainly 

expose oxidized nickel, in agreement with their rather good HER activity (surface 

enrichment in Pd for the former catalyst could also be an explanation, but not Ag 

enrichment for the latter – unlike Pd, Ag is a poor HER/HOR catalyst). Ni3Mo/KB 

presents a lower onset potential around -150 mV vs RHE. This indicates a more reduced 

state of the Ni surface. However, when the rotation rate is increased, this potential also 

increases significantly and reaches E = -80 mV vs RHE for ω = 2500 rpm. This indicates 

that the electrode might be poisoned when too many BH4- species are brought to the 

surface. Ni3Co/KB presents a similar onset potential but does not change with the 

rotation rate. 

 

Figure IV.8. CVs of Ni3M/KB catalysts from UNM [195,196] at increasing rotation rate 
of the RDE in BOR conditions: 1 M NaOH + 50 mM NaBH4, vs = 20 mV.s-1, room 
temperature, Ar-saturated electrolyte, metal loading: lmetal = 100 µg.cm-2. 

Regarding the reaction kinetics, the current density for the Ni3Co/KB catalyst remains 

really low even at 0.2 V vs RHE, where only 2 mA.cm-2geo is reached at 0 rpm. It is the 

lowest current of the four materials studied, and increasing the rotation rate only results 

in a 0.5 mA.cm-2geo increase. Moreover, the current does not increase with the rotation 
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rate, which denotes a strongly limiting charge-transfer kinetics. These limitations are 

observed on all four materials, confirming the oxidized state of the catalysts (which is 

expected, owing to their long storage period, Table IV.1). Compared to other samples, 

Ni3Pd/KB exhibits a high current density at potentials above 0 V vs RHE. This activity 

is mainly attributed to the contribution of Pd, this noble material only being 

significantly active for the BOR/HOR at positive potentials on the RHE scale.  

Alloying noble metals with non-noble counterparts is a very common way to reduce 

the amount of the former while keeping their advantageous properties [269,377,378]. 

However, the small fraction of Pd in the Ni3Pd/KB material does not prevent limitations 

by the reaction kinetics. Moreover, the main goal of this section and of the PhD was to 

move away from PGM and other rare metals. Ni3Mo/KB presents the second best 

kinetics, but apparently suffers from significant poisoning at high rotation rate, a clear 

drawback for the envisaged application (DBFCs). 

In a second time, the materials from Technion were tested in similar conditions in order 

to compare their activity towards the BOR (Figure IV.9). Overall, they all present a better 

onset potential around -200 mV vs RHE, except for Ni7Cu/C for which the onset is 50 

mV higher. The current density is still strongly limited by the reaction kinetics on all 

catalysts, since almost no current increase is observed with the rotation rate. The CVs 

of Ni7Fe/C could lead us to think that the kinetics are not limiting as much because a 

clear current increase is observed for increasing rotation rates. However, the highest 

current is reached at the end of the cycle at a rotation rate of only ω = 400 rpm 

suggesting irreversible transformation of the catalyst during the test. This highlights a 

new behavior not observed on the previous set of catalysts (Ni3M from UNM): the 

surface keeps gaining in activity, even though the activation step was applied before 

the RDE study. After the 20 activation cycles, the current was stable, meaning that the 

procedure used for the BOR characterization allowed to reduce even more the surface. 

The main difference between these two measurements is that between each rotation 

rate the electrode is let at OCP for 10 s. This effect is likely brought to light with this 

material, because the current density is really low, suggesting a more pronounced initial 

oxidation state than for the other materials. This residual activation upon BOR can 

actually be observed on all catalysts from Technion (although to a smaller extent) except 

for Ni3Fe/C. For Ni3Co/C and Ni7/Cu, it is clearer with the second 400 rpm cycle, that 

presents the highest current, whereas for the other catalysts, the current improved 

compared to the first scan but was still smaller than the ones obtained at faster rotation 

rate. In general, all these materials exhibit a relatively low activity towards the BOR, 

but might be less oxidized than the previous set of catalysts (from UNM). This 

hypothesis is based on their lower onset potential (in agreement with their shorter 
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storage period prior use). However, only Ni7Co/C and Ni7Cu/C exhibit an overall 

current density slightly higher or similar (respectively) than Ni3Mo/KB. 

 

Figure IV.9. CVs of NixM/C catalysts from Technion [283] at increasing rotation rate 
of the RDE in BOR conditions: 1 M NaOH + 50 mM NaBH4, vs = 20 mV.s-1, room 
temperature, Ar-saturated electrolyte, metal loading: lmetal = 100 µg.cm-2. 

The stability of the BOR was also tested for these 8 catalysts (Ni7Fe/C was not tested 

because of its more pronounced oxidized state), by performing stationary measurements 
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at 0.2 V vs RHE; the obtained CA curves are presented on Figure IV.10. As expected, 

Ni3Pd exhibits the highest initial current followed by Ni7Co, Ni7Cu and Ni3Mo. 

Nevertheless, it also presents one of the worst stability, with a 40% loss in current 

density after only 1 h of operation. This is typical of the surface poisoning observed on 

PGMs when the potential is maintained at low values. The least stable current is 

measured on Ni3Ag with an already low initial current density and a severe (60%) loss 

after 1 h; on the contrary, the other Ni-based catalysts present a rather stable BOR 

current during the stationary measurement. The current recorded on Ni3Mo and Ni3Fe 

electrodes actually increases in the first minutes of the BOR and remains completely 

stable until the end. The apparent stability of the BOR on Ni-based catalysts not 

containing precious metals is nonetheless promising, as it means that no critical current 

decrease should appear at high voltage in DBFC conditions. However, the overall BOR 

activity of these materials is not high enough to make them suitable catalysts for a DBFC 

anode.  

 

Figure IV.10. CA of all Ni-based catalysts synthetized at (a) UNM or (b) Technion in 
BOR conditions. E = 0.2 V vs RHE, 1 M + 50 mM NaBH4, ω = 1600 rpm, room temperature, 
Ar-saturated electrolyte, metal loading: lmetal = 100 µg.cm-2. 

 

 Is there an effect of the co-element? 

The bimetallic materials were synthetized to facilitate the depassivation of Ni and allow 

to reach a metallic state more easily. By looking at the BOR characterizations presented 

in the previous section, it is not clear if the co-element in each catalyst played an 

important or even noticeable role (except for Ni3Pd/KB, but the contribution from Pd is 

not the one targeted). In order to have a comparison reference, the Ni/C catalyst was 

characterized in supporting electrolyte and in BOR conditions with similar conditioning 

steps as the other catalysts. The obtained CVs are represented in comparison with the 
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other catalysts from Technion on Figure IV.11. The CVs in supporting electrolyte 

(Figure IV.11a) already shows that Ni7Cu/C and Ni7Co/C would prove the most efficient 

catalysts, because they are the only ones exhibiting a clear α-Ni(OH)2 transition peak. 

In fact, Ni7Co/C presents a similar profile in supporting electrolyte to Ni/C, with almost 

identical oxidation and reduction currents (hence near-similar amount of reduced Ni 

sites). If this parameter is the key to the BOR activity, the monometallic Ni/C catalyst 

should be at least as effective towards the BOR as Ni7Co/C. Surprisingly, in presence of 

NaBH4 (Figure IV.11b), the monometallic Ni/C catalyst significantly surpasses all other 

catalysts, e.g. with twice the current density reached at E = 0.2 V vs RHE compared to 

Ni7Co/C. A comparable onset potential is observed around -200 mV.cm-2 confirming 

that the surface is, at least partially, metallic. Because the metallic ECSA between the 

two best catalysts is comparable (by looking at the Ni/Ni(OH)2 transition peak in 1 M 

NaOH) it is possible that Ni/C is depassivated during the activation in presence of 

borohydride to a larger extent than the other catalysts. Overall, the first important 

conclusion of this study is that the best catalyst is pure Ni/C; alloying it with other 

transition metals proves rather (if not completely) ineffective and even detrimental 

towards the BOR activity of the material. As a marker of this effect, the more co-element 

is added in the matrix, the less active it is for the BOR (as observed on Figure IV.9 and 

IV.10). The behavior of Ni7Fe/C does not fit this correlation, though, but the catalyst 

probably suffered extensive oxidation during its synthesis and/or preparation. If one 

nevertheless wanted to classify the co-elements, one could say that the Cu-containing 

sample is less active than the Co-containing one. Regarding the CV of Ni3Fe compared 

to the other Ni3M/C catalysts, one could propose that it is better than the Co-containing; 

however, the Ni7Fe/C sample does not allow to affirm it. 

 

Figure IV.11. Comparison of all Technion catalysts in (a) supporting electrolyte (1 M 
NaOH) or BOR conditions at (b) 50 mM NaBH4. vs = 20 mV.s-1, ω = 1600 rpm, room 
temperature, Ar-saturated electrolyte, metal loading: lmetal = 100 µg.cm-2. 
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The onset potential already enabled to state that Technion’s materials appear less 

oxidized than UNM ones. An interesting parallel between Ni metallic surface 

intentionally oxidized and these two sets of catalysts can be made using the cycles 

recorded during the activation step in 50 mM NaBH4 (Figure IV.12). While the BOR 

onset potential significantly increases for a partially-oxidized Ni electrode versus a 

metallic electrode, cycling in presence of BH4- eases the reduction of oxides that were 

stable in supporting electrolyte. This improvement is therefore more limited on 

strongly-oxidized surface, where less oxidized sites are in a reversible state. This 

discrepancy is also observed when comparing the two sets of materials during their 

activation. Only two catalysts are represented on Figure IV.12; however, their activation 

behavior is representative of each set of materials. Only the current density increased 

depending on the catalyst, accordingly to the BOR activity described previously; in all 

cases, the ratio of current after activation over current before activation remains near-

constant, though. This means that the freshly-synthetized Ni-based materials could be 

assimilated to partially-oxidized electrodes, while the ones from UNM appear strongly 

oxidized. This would explain why the catalysts from Technion exhibit lower onset 

potentials and slightly higher reaction kinetics even after similar conditioning. 

Surprisingly, Ni3Mo/KB proved almost as active as fresh Ni7M/C catalysts even though 

it is the oldest among the studied materials and was synthetized four years prior the 

BOR experiments. It was stored in similar conditions than the other catalysts from 

UNM, suggesting that Mo could be, in the end, the best co-element for bimetallic NiM/C 

materials.  

This parallel shows that Ni-based catalysts synthetized via chemical routes are strongly 

oxidized during their preparation (most probably during the passivation step, and then 

non-negligibly either during their transport or/and handling prior to use) and that 

storing these materials under atmospheric conditions for an extended duration results 

in a further and deeper oxidation of their surface, leading to irreversible loss of activity 

towards the BOR. To obtain a good BOR catalyst, it is therefore mandatory to avoid any 

passivation or air-storing step prior their use in a DBFC, which is a complex task.  

To conclude on these bimetallic catalysts, the overall activity of catalysts made by the 

chemical/thermal synthesis method is too poor to be considered viable for their use in 

DBFC anodes, in particular because of their non-negligible oxidized state of surface. 

Alloying Ni with other metals did not prove effective to depassivate the surface of the 

catalysts and actually, the lesser the amount of added co-element, the better is its BOR 

activity. This was attributed to the limited amount of metallic Ni sites on the surface of 

bimetallic NixM catalysts, suggesting that Ni (when in the reduced state) is the most 

active non-noble metal among those studied in this work. However, it does not mean 

that alloying transition metals to a metallic Ni surface is necessarily detrimental. If 
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increasing the number of metallic Ni sites is favorable to the reaction kinetics, adding 

an element to delay the overall oxidation of the electrode and therefore enable to extend 

the potential window where the BOR is possible, might still be beneficial. This route 

will not be further studied though, and a new way to obtain highly-developed metallic 

Ni surfaces is required in order to pursue this study and obtain a highly active non-

noble catalyst for the BOR. 

 

Figure IV.12. Parallel between (a, b) intentionally oxidized Ni surfaces and (c, d) 
NixM/C nanoparticles synthetized 3 years apart during the activation procedure in BOR 
conditions. 1 M + 50 mM NaBH4, vs = 20 mV.s-1, ω = 400 rpm, room temperature, Ar-
saturated electrolyte. 

 

IV.3 Metallic NiED/C: the best BOR catalysts? 
 

 Electrodeposited Ni nanoparticles for BOR 

The most convenient way to obtain highly developed metallic Ni surface is to perform 

electrodeposition on a conductive and high-surface area support, typically carbon (e.g. 

Vulcan XC-72R). If performed in correct conditions, the obtained deposit consists of 
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nanoparticles that are in metallic state; from this point, one can oxidize them to different 

extents in order to study the influence of the state of the surface for a given reaction, 

for example the BOR. Such electrodeposition was already developed by Oshchepkov et 
al. [186,187,289]. The procedure to perform this electrodeposition is detailed in the 

section “II.2.1 Nickel nanoparticles electrodeposition”. 

 

Figure IV.13. CVs obtained in N2-saturated 1М NaOH at v = 20 mV·s-1 for XC-72R/GC 
(black curve) and NiED/ XC-72R electrodes during 1st (red curve) and 3rd (blue curve) scans. 

The resulting material was characterized in supporting electrolyte and the measured 

CVs are presented on Figure IV.13. The electrodeposition is proven effective, since the 

current measured upstream (prior electrodeposition) with only the Vulcan XC-72R layer 

is negligible. The transition peak from Ni to α-Ni(OH)2 is clearly defined around E = 0.27 

V vs RHE, signing the presence of a significant number of metallic nickel sites. 

Moreover, the HER starts only at potentials E < -0.125 V vs RHE (the obtained surface 

is not very active for this reaction), which confirms that the surface is overall metallic. 

The electrocatalyst was characterized by scanning transmission electron microscopy 

(STEM); STEM revealed formation of metal nanoparticles with a mean size of ca. 10 nm, 

homogeneously distributed over the Vulcan XC72R support surface (Figure IV.14). The 

estimated interplanar spacing of 0.205 nm, corresponds to the (111) plane of Ni (0.2034 

nm, calculated for a theoretical lattice constant a = 0.35238 nm for crystalline Ni [ICDD 

PDF-2#00-004-0850]). The Ni loading was estimated as ca. 40 wt.% by inductively-

coupled plasma atomic emission spectrometry (ICP-AES). 

To observe the influence of the state of surface of Ni towards the BOR on this new 

electrocatalyst, the extent of oxidation of Ni nanoparticles was again purposely varied 

and three types of electrodes were considered: (i) strongly-oxidized NiED/C, i.e. the 

sample subjected to potential cycling in a wide potential interval from -0.2 to 1.6 V vs 



CHAPTER IV: Towards efficient Ni based BOR catalysts 

 

151 
 

RHE as it is typically done in the literature; (ii) partially-oxidized NiED/C, i.e. the sample 

subjected to electrochemical oxidation at 1.0 V vs RHE for t = 5 min and (iii) metallic 

NiED/C, which was studied right after the preparation, without application of potentials 

above 0.5 V vs RHE. The ECSA was calculated using the method described in the section 

“II.2.2 Electrochemical Surface Area Determination” and the oxidation of the NiED/C 

resulted in a decrease of this ECSA from 93.4 to 52.5 and 25.9 m2 gNi-1 for metallic, 

partially-, and strongly-oxidized NiED/C electrodes, respectively; this ECSA reflects the 

number of available Ni metal sites on the electrode surface. 

 

Figure IV.14. (a) Low and (b) high-resolution STEM images of the as-prepared NiED/C 
electrocatalyst, (c) FFT-filtered magnified area highlighted in the dashed box in (b). 
Reprinted from [291]. 

These 3 surfaces were characterized in BOR conditions, where the effect of the state of 

surface can clearly be observed (Figure IV.15): strongly-oxidized NiED/C shows the 

lowest BOR activity, while reduced NiED/C demonstrates the highest, by far. The 

impressive onset potential of the BOR for the metallic NiED/C can be attributed to the 

sluggish kinetics of the competing HER, confirming the explanation given in the 

previous sections. Regarding the partially-oxidized sample, its HER activity increase 

causes a significant decrease of the net BOR currents and a positive shift of the OCP. 

Interestingly, the BOR and the HER currents are not in direct anti-correlation, 

suggesting a complex interplay between the adsorption energies (the latter dependent 

on the Ni oxide coverage), the Ni site availability and the electrochemical kinetics of 

BOR/HER (and HOR). The onset-potential for the oxidation of 5 mM NaBH4 is only -

0.052 V vs RHE for strongly-oxidized NiED/C, while it shifts to -0.152 V vs RHE and -

0.235 V vs RHE in the case of partially-oxidized and metallic NiED/C electrodes, 
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respectively. To sum up, by increasing the metallic character of the Ni surface, one can 

limit the rate of electrochemical HER and hence significantly improve the performance 

of Ni electrocatalysts in the BOR (Figure IV.15b). In particular, metallic NiED/C 

demonstrates the highest BOR current densities measured at E = 0.1 V vs RHE, being 

ca. 1.5 and ca. 15 times larger compared to partially- and strongly-oxidized NiED/C, 

respectively (Figure IV.15c). This time with a highly developed surface area, the reaction 

kinetics is much less limiting and mass-transport limitation plateau appears just below 

E = 0 V vs RHE, which was never observed on any of the catalysts presented above.  

 

Figure IV.15. (a, b) CV and (c) chronoamperograms obtained for various NiED/C 
rotating disk electrodes (RDE) under N2 atmosphere at the following conditions: (a) 1.0 
M NaOH, vs = 20 mV s-1, ω = 0 rpm, (b) 1.0 M NaOH + 5 mM NaBH4, vs = 20 mV s-1, ω = 
1600 rpm, (c) 1.0 M NaOH + 5 mM NaBH4, ω = 1600 rpm, E = 0.1 V vs RHE. 

A new electrodeposition was performed in a one-compartment cell using a Pt CE to 

simplify the procedure. In order to confirm that no Pt contaminated the Ni surface and 

could interfere during the BOR, the NiED/C samples were analyzed after 

electrodeposition by X-EDS (Figure IV.16). No traces of Pt are found on the X-EDS 

spectra on several regions of the Ni nanoparticles. It confirms that the ED procedure is 

still valid using this one-cell compartment. It must be noted that the presence of Pt in 

combination with metallic Ni would induce better BOR apparent kinetics above E = 0 V 

vs RHE, thanks to the valorization of H2 produced via fast HOR on Pt (a positive effect), 
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but because of the unmatched HER activity of Pt, it would in return drastically increase 

the onset potential and render the Pt-polluted (bimetallic) catalyst rather inefficient for 

the BOR below 0 V vs RHE (a very detrimental effect). It is generally admitted and 

consensual that noble, and in particular, Pt CE should be prohibited when characterizing 

non-noble catalysts. This is justified when studying processes, where Pt has high 

electrocatalytic activity, such as the oxygen reduction reaction (ORR), studied, for 

example on Fe-N-C-based materials (one of the most studied non-noble catalyst 

nowadays [379–382]). Because of the potentials scanned in those conditions, Pt CE 

suffers from significant degradation/oxidation and can be redeposited at the working 

electrode [223,224]. This results in an important ORR activity increase of the catalyst, 

thereby falsifying its real performance.  

 

Figure IV.16. (a) TEM image of NiED/C sample and corresponding X-EDS analysis 
from the marked areas (b) 001, (c) 002, (d) 003 

However, in BOR conditions, this effect does not appear, mainly because the CE acts as 

a cathode (hence rather protected from dissolution): when scanning from E = -0.2 V vs 

RHE to E = 0.3 V vs RHE with a NiED/C WE, only positive current is measured on the 

WE. In addition, the very high HER activity of Pt maintains the applied overpotential 

too small to substantially degrade the material by cathodic corrosion [383–385]. Even if 

an oxidation current is forced at the CE, the presence of borohydride will also result in 
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a low overpotential, because of the activity of Pt at low potential towards the BOR. This 

is an important factor that overall prevents any significant degradation of a Pt CE during 

BOR characterizations of a non-Pt WE, hence not leading to detectable pollution of the 

WE by CE materials. 

To investigate the reaction kinetics in more detail, the rotation rate was varied in similar 

conditions as for Figure IV.6; the measured CVs are represented on Figure IV.17. A Pt/C 

electrode with similar loading was used as a comparison (Figure IV.17b, d). The rotating 

rate dependence of the RDE polarization curves has been analyzed using the Koutecky-

Levich equation (equation 4.4):  

𝑗−1 = 𝑗𝑘
−1 + 𝑗𝑑

−1 = 𝑗𝑘
−1 + 𝐵−1𝜔−0.5 (4.4 Koutecky-Levich) 

The Koutecky-Levich (KL) plots for Pt/C electrode (Figure IV.15d) almost cross 0, 

showing that the limiting currents are established at potentials above 0.1 V vs RHE. On 

the contrary for NiED/C sample, a significant deviation from the plot obtained for Pt/C 

is observed (Figure IV.16c), likely due to a change of the number of released electrons 

of the BOR at different potentials. The extrapolation of the KL plots to the vertical axis 

gives non-zero intercepts, meaning that the reaction kinetics is still under mixed control 

until 0.25 V vs RHE, unlike what assumed just above by looking at the shape of the CV. 

Surprisingly, the Koutecky-Levich plot measured at E = 0.25 V vs RHE intercepts the Y-

axis at the larger value of 𝑗𝑘
−1 (compared to the cases at 0.1 and 0.2 V vs RHE). This 

unexpected result is likely explained by the additional contribution of the formation of 

α-Ni(OH)2, that occurs simultaneously to the BOR in this potential region.  

The slope B can be calculated according to the Levich equation as: 

𝐵 = 0.62 ∙ 𝑛𝐷
2
3𝐹𝑣−

1
6𝐶0 (4.5 Modified Levich) 

with: 

n = Number of electrons transferred 

F = Faraday’s constant (96 485 C.mol-1) 

C0 = Concentration of borohydride (5 mM) 

D = Diffusion coefficient of BH4- (2.6·10-5 cm2 s-1 [227]) 

v = Kinematic viscosity of the electrolyte (0.0118 cm2 s-1 [227]) 
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Figure IV.17. CV curves obtained for (a) NiED/C and (b) Pt/C using rotating disk 
electrode in N2-saturated 1.0 M NaOH + 5 mM NaBH4 electrolyte at vs = 20 mV·s-1 and 
various rotation speeds. (c, d) Corresponding Koutecky-Levich plots at various potentials. 

The theoretical values of the B are calculated to be 2.81, 1.40, 0.94, 0.70, if one assumes 

the release of 2, 4, 6 and 8 electrons for the BOR, respectively. Therefore, analysis of the 

Koutecky-Levich plots presented on Figures IV.15c, d shows that the number of released 

electrons is close to 4 and 6 for NiED/C and Pt/C catalysts, respectively (at 0.25 V vs 

RHE). By comparing the CVs of these two catalysts at different rotation rate the mass-

transport limited current of NiED/C appears around two times smaller than for Pt/C, 

which does not correspond to number of electrons calculated. It is usually accepted that 

8 electrons are produced on Pt surface at small overpotentials (see Chapter III). This 

discrepancy might arise from the calculation approximations (value of D and ν), or from 

the fact that the thin-film of RDE is too thin to enable complete valorization of BH4- in 

these conditions [386]. Overall and importantly, NiED/C displays BOR activity 

surpassing Pt/C at potential below 0 V vs RHE, which is really promising for DBFC 

applications, even if the number of electrons transferred above 0 V vs RHE is inferior to 

that of Pt. 

To observe how increasing the number of active sites (compared to polycrystalline Ni 

rod) affected the kinetics and poisoning at higher potentials, the same Koutecky-Levich 
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measurement was reproduced on NiED/C at 1 M NaOH + 50 mM NaBH4 (Figure IV.18). 

Unlike Figure IV.6b, the reaction kinetics appears less limiting at the higher NaBH4 

concentration, as the current density clearly increases with the rotation rate for E > 0 V 

vs RHE. However, the maximum current density is only reached at E = 0.2 V vs RHE for 

all rotation rate, because of the higher concentration of borohydride (there are more 

species to valorize, and a higher potential is required to reach the mass-transport 

limitation): at E = 0.1 V vs RHE the reaction is still non-negligibly limited by the kinetics 

(Figure IV.18b). For the two higher potential values, this effect is limited and visually, it 

appears that the current increase is close to be proportional to the square root of the 

rotation rate; but the Koutecky-Levich plots infirm it, since their Y-intercepts are 

further from 0 than the one at 5 mM (Figure IV.17c). Overall, even at 50 mM the NiED/C 

performs exceptionally well, particularly at low potential but also until 0.3 V vs RHE, 

and does not appear to suffer from strongly limiting surface poisoning. 

 

Figure IV.18. CV curves obtained for (a) NiED/C using rotating disk electrode in N2-

saturated 1.0 M NaOH + 50 mM NaBH4 electrolyte at v = 20 mV·s-1 and various rotation 

speeds. (c) Corresponding Koutecky-Levich plots at various potentials. 

 

 BOR activity compared to most used catalysts 

In order to benchmark the outstanding BOR activity of the NiED/C electrodes, they were 

tested in a half-cell configuration in both potentio-dynamic and potentio-static 

conditions and compared to Ni/C NPs (provided by Prof. Dekel’s group [283] presented 

in section IV.2), PGM catalysts (commercial Pt/C, Pd/C) and Au/C NPs, the most 

commonly-used electrocatalysts for the BOR. Commercially-available 40 wt. % Pt/C, 

Pd/C and Au/C electrocatalysts were used to obtain electrodes with similar metal 

loading (40 µg.cm-2) to make a fair comparison. Two concentrations of NaBH4 solution, 

namely 5 and 50 mM, in 1.0 M NaOH were chosen to compare the electrocatalysts, with 
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the purpose to evaluate an influence of the electrode surface-poisoning by boron-

containing species. The measurements were performed under potentiodynamic and 

potentiostatic conditions in the potential range between -0.2 < E < 0.3 V vs RHE. 

Potentiodynamic measurements (Figure IV.19a, b) evidence unmatched activity for 

NiED/C at potentials below 0 V vs RHE, both in 5 and 50 mM NaBH4 solution. Metallic 

NiED/C exhibits the lowest OCP with -230 mV vs RHE and -256 mV vs RHE at 5 mM and 

50 mM respectively and displays an important current density, reaching limiting plateau 

above –0.05 V vs RHE. For Pt/C, the high rate of the HER limits the efficiency of the 

BOR below 0 V vs RHE, resulting in an OCP of -50 mV vs RHE at both concentrations. 

Mass-transport-limited current densities are only reached (in the studied potential 

window) by these two catalysts. For the other catalysts, an increase of the BH4- 

concentration requires to apply higher potential to reach the limiting current, because 

of the slower reaction kinetics. The activity of Pd/C and Au/C is much smaller than for 

NiED/C and Pt/C in the studied potential range, especially at 50 mM NaBH4, because of 

their different BOR mechanism and slower BOR kinetics (see Chapter III). Chemically 

synthesized Ni/C is nowhere near competing with the two best catalysts but still 

surpasses Pd/C until 0.3 V vs RHE. 

While potentiodynamic measurements show higher BOR currents on Pt compared to 

Ni above E = 0.2 V vs RHE, potentiostatic measurements (Figure IV.19c, d) reveal that 

the BOR activity of Pt promptly decays, with a critical loss exceeding 90% after only 1 

hour. Similar decrease, although in smaller extent, was observed for Pd/C, with ca. 80% 

current decay after 1 hour in 5 mM NaBH4, while Au/C is almost inactive at potentials 

below 0.3 V vs RHE (see Chapter III). Contrary to the Pt/C and Pd/C electrocatalysts, 

the activity of NiED/C is relatively stable over time, with only ca. 12 and 18% current 

decay after 1 hour at 5 and 50 mM NaBH4, respectively. Besides, the BOR currents on 

NiED/C are almost proportional to the concentration of NaBH4, while the BOR 

performance of the Pt/C and Pd/C electrocatalysts at higher NaBH4 concentrations are 

worse than expected. Again PGM electrocatalysts suffer from extensive poisoning by 

accumulation of adsorbed intermediate species such as BHad. This poisoning effect is 

very fast because it happens during the first steps of the BOR, thus explaining why the 

initial currents on Pt/C and Pd/C at 50 mM are not proportional to the concentration. 

However, it does not fully justify the progressive decay observed on Figure IV.19c, d. 

One hypothesis is that solid borate species (the BOR final product) slowly form a gel-

like structure at the electrocatalyst surface and gradually block the active sites at longer 

reaction times. 

This comparison allowed to highlight the superior BOR activity of NiED/C at potentials 

below 0 V vs RHE; it also revealed interesting details regarding the reaction path on 

metallic Ni surfaces. First of all, the mass-transport-limited current is two times lower 
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than for Pt/C, suggesting a lower number of electrons produced (estimated at 4, Figure 

IV.17). Moreover, the current density increases quasi-linearly with the BH4-

concentration for NiED/C (suggesting first-order reaction kinetics), while for Pt/C and 

Pd/C electrocatalysts the current is not proportional to the concentration. This indicates 

a less pronounced surface poisoning by intermediate species and by final reaction 

products on metallic Ni: as a result, the BOR currents on Ni are more stable. These 

differences likely originate from different BOR mechanisms on Ni than the one detailed 

in chapter III. Several measurements using (coupled) spectroscopic methods and 

calculations will be presented in the next section in an attempt to shed light on the BOR 

mechanism on Ni. 

 

Figure IV.19. Comparison of the most commonly used catalysts for the BOR to the 
NiED/C electrodes in 1 M NaOH + (a, c) 5 mM and (b, d) 50 mM NaBH4 (Ar-saturated 
solution, T = 20°C, ω = 1600 rpm) in: (a, b) potentiodynamic conditions (vs = 20 mV.s-1) 
showing the lower onset potential on NiED-based catalysts compared to PGMs and (b, d) 
potentiostatic conditions (E = 0.2 V vs RHE). All the M/C catalysts are loaded at 
l = 40 μg.cm-2 of M (M = Pt, Pd, Au or Ni) 
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IV.4 Tentative BOR mechanism on Ni  
 

 RDE and RRDE measurements  

In order to investigate in more detail the BOR on NiED/C, potentiostatic measurements 

were performed every 100 mV in the -0.2 < E < 0.3 V vs RHE potential region in 1 M 

NaOH + 5 mM or 50 mM NaBH4 (Figure IV.20). As presented previously, Ni metallic 

surfaces exhibit oxidation currents already at -0.2 V vs RHE; however, below 0 V vs 

RHE, the current non-negligibly decreases versus time: the slow reaction kinetics 

prevents the reaction completion, and intermediate species likely and gradually block 

the surface. This poisoning effect is not observed anymore at 0.1 V vs RHE, where the 

current is stable at 5 mM (Figure IV.20a) or even increases over time at 50 mM NaBH4 

(Figure IV.20b); the same effect is witnessed for E = 0.2 V vs RHE. This shows that the 

poisoned sites are able to regenerate at positive potential since the rate determining 

step is probably slow but potential-activated. On Figure IV.19 the current density 

decreased at a similar potential, with the only difference being that the potential was 

directly set at 0.2 V vs RHE, where it is now progressively increased by steps of 100 mV: 

the initial current on Figure IV.19 c is greater and decreases to reach a similar value as 

the final current measured on Figure IV.20, suggesting a steady-state between poisoning 

and regeneration of active sites. Unfortunately, if the applied potential is increased to 

0.3 V vs RHE, the oxidation of the nickel surface results in an immediate activity drop 

until the current becomes almost null. The electrode would require the application of a 

lower potential to reduce its (reversible) surface oxides and regain its initial activity, 

keeping in mind that applying an even higher potential instead would make this activity 

loss irreversible. This suggests already that the voltage applied in a DBFC setup using a 

Ni-based anode should carefully be controlled in order to preserve the anode state of 

surface/activity.   

 
Figure IV.20. Potentiostatic measurements of the NiED/C electrode at different 

potentials in N2-saturated 1 M NaOH + (a) 5 mM or (b) 50 mM. (ω = 1600 rpm; -0.2 < E < 
0.3 V vs RHE) 
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To investigate the reaction pathways of the BOR on Ni, RRDE measurements were 

performed with a NiED/C disk and a concentric Au ring. The same RRDE setup detailed 

in section “II.1.3 Rotating Ring-Disk Electrode” and used in chapter III for the detection 

of BH3OH- was adapted to use NiED/C disk. The bulk Pt or Au polycrystalline disk was 

replaced by GC and the ED procedure was applied in the dedicated cell before the BOR 

characterization. Because the rotating electrode requires to be positioned vertically, the 

bubbles formed at the interface are not expelled correctly, resulting in noisier signal as 

observed on Figure IV.21. At low concentration (5 mM NaBH4, Figure IV.21 a) the ring 

current is constant throughout the whole potential window, meaning either no (or small 

amount of) BH3OH- is generated on Ni surface and thus that the reaction does not 

proceed via BH3,ad species (or their coverage is small under the applied conditions), or 

that the production is constant at all potentials. This second option is unlikely, because 

if BH3OH- is generated through the BOR, their production rate should be proportional 

to the faradic current. Moreover, the current at the ring is negative (probably because 

of reduction of residual O2 from the electrolyte), suggesting no species are oxidized at 

its surface or that the oxidation current is inferior of the reduction current (the latter 

originating from the oxygen traces in the electrolyte as mentioned above). The potential 

window was increased (Figure IV.21 b) in order to observe if the formation of oxides 

could modify the reaction pathways (similarly to noble surfaces studied previously); 

even in these conditions, the ring current remained stable during the whole 

measurement. At higher concentration (Figure IV.21c, d), the CV was performed at two 

different rotation rates to observe if the ring response correctly follows mass-transport 

limitations. At 50 mM NaBH4, the ring current is now positive (it may correspond to 

oxidation of hydrolysis products formed at the disk); it slightly decreases and is noisier 

when the disk potential is above EDisk > 0 V vs RHE. It coincides with the potential at 

which the reaction reaches its stable state (Figure IV.20), suggesting that it is 

accompanied by bubbles (most probably H2) generation. 

At 500 mM NaBH4 (Figure IV.21d) no mass-transport limitation is observed on the disk, 

because of the limitation by the reaction kinetics. However, the current measured on 

the gold ring is 10 times greater than at 50 mM NaBH4, which means that this ring 

current is really linked to the concentration of borohydride and thus probably to the 

oxidation of hydrolysis products. The signal over noise ratio increased, because the disk 

current and therefore the gas generation remained the same; however, the ca 5-10 µA 

noise detected above 0 V vs RHE previously is now measured in the whole potential 

window. This means that at higher concentration, the surface reaches its 

“poisoning/regeneration stable state” already at -0.2 V vs RHE. The ring current 

decreases however in the same conditions (EDisk > 0 V vs RHE) but still proportionally 

to the concentration, meaning that it is likely not due to the generation of BH3OH- 

species at the disk which explains this current (since the disk current remained the same 
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as in Figure IV.21c). Instead, the ring current is likely due to oxidation of hydrolysis 

products/intermediates on the Au ring (even though this current remains very small). 

In any case, these results enable to conclude that no significant amounts of BH3OH- 

species are generated on Ni surfaces in the course of the BOR (in the studied potential 

domain), unlike on noble surfaces. However, some BH3OH- species might be formed via 

heterogeneous hydrolysis of borohydride at the Ni electrode. 

 

Figure IV.21. CVs of NiED/C electrode in (a, b) 1 M NaOH + 5 mM NaBH4 at ω = 900 
rpm and 1 M NaOH + (c) 50 mM or (d) 500 mM NaBH4 at ω = 900 or 1600 rpm. Ring 
current is recorded with a concentric Au ring set at 0.2 V vs RHE and reported to the WE 
potential. 

 

 Coupled spectroscopic characterization on metallic Ni 

To push further this investigation of the BOR on metallic Ni surfaces, in situ 

spectroscopic methods were used. First of all, the DEMS measurements performed on 

noble metals (see Chapter III) were reproduced to determine if the gas formation 

observed (from the noise) during RRDE measurements is indeed H2. Secondly, in situ 
FTIR spectra were obtained, giving clues about reaction intermediate/product species 

produced at the interface of the electrode during the BOR. 
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IV.4.2.1 Hydrogen escape measurements using DEMS 

The challenge to perform DEMS on Ni was to find a manner to obtain a porous 

structure, while maintaining its metallic state and therefore the good activity of Ni 

towards the BOR. This required a way to obtain our electrode just before installing the 

DEMS cell and, because it needs to be supported on a PTFE membrane, the ED procedure 

could not be adapted for this method in a straightforward manner. In the end, a nickel 

foam was used as the electrode, after acid etching (the use of this material will be 

explained and detailed in chapter V), and pressed between the PTFE membrane and the 

current collector (see cell description in section II.3.3). This current collector was also 

replaced by a Ni ring instead of the conventionally used gold, the latter not being inert 

towards the BOR. The surface of the Ni current collector was preliminarily strongly 

oxidized, so that it would still conduct electrons but not catalyze the BOR (at least at 

low potentials). In a similar manner as for the previous DEMS measurements presented 

in this work (chapter III), NaBD4 was used instead of NaBH4 to differentiate the 

detection of H2 coming from the solvent (water) and from the fuel [201,387].  

Figure IV.22 presents the CVs obtained at 10 mV.s-1 in 1 M NaOH + 5 mM (a) or 50 mM 

(b, c, d) NaBD4 with the faradic current and the corresponding calibrated ionic currents 

(H2, HD, D2). Because the nickel foam electrode is way thicker than the usual sputtered 

electrodes (500 µm and 50 nm, respectively) the ion over faradic current is smaller and 

therefore a greater calibration factor must be applied (from ca 107 to ca 1010). Moreover, 

large noise is detected by the mass spectrometer, because of the morphology of the 

electrode. Bubbles are blocked in the pores of the electrode and released randomly, 

resulting in big spikes independently of the potential. This effect was significantly 

enhanced at 50 mM NaBD4 and therefore the ion currents were smoothed post-

measurements (50% percentile filter method with a 10-points window was used, because 

the other calculation methods required evenly spaced x data) in order to smooth the 

MS-CVs. At 5 mM NaBD4 (Figure IV.22 a), the onset potential is higher than usual (-150 

mV instead of -250 mV vs RHE), because even after acid etching, some sites of the Ni 

foam remained partially oxidized (see chapter V). It is also possible that the onset 

potential might be influenced by an isotopic effect H by D replacement in the 

borohydride). However, increasing the concentration to 50 mM NaBD4 allowed to 

reduce a bit more those sites and an OCP of -220 mV vs RHE was reached. At low NaBD4 

concentration, H2 is detected at -50 mV vs RHE on the cathodic sweep, as soon as the 

faradic current decreases and proportionally follows it throughout the whole HER 

region. On the anodic sweep, bubbles trapped in the pores delay the detection of H2 

resulting in a hysteresis. The slope of the Im/z=2 current changes around E = 0 V vs RHE, 

because the generation of H2 stops: this suggests that the remaining current detected 

for E > 0 V vs RHE originates from this residual H2 trapped in the pores of the electrodes. 
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Because of this residual H2, the calibration of the DEMS cell using this porous Ni 

electrode might be overestimated. It is difficult to observe the contributions from HD 

and D2 at low concentrations because all signals do overlap. We can still observe that 

the D2 seems to follow the faradic current and that, obviously, Im/z=3 (HD) is measured 

only when both H2 and D2 are also detected.  

 

Figure IV.22. DEMS measurement of etched nickel felt in Ar-saturated 1 M NaOH + 
(a) 5 mM or (b, c, d) 50 mM NaBD4, vs = 10 mV.s-1. The ionic (H2, HD, D2) currents are 
calibrated to the faradic current (K = 2.20 1010) 

To have a clearer vision of the behavior of D2, the concentration was increased to 50 

mM NaBD4 and the upper potential limit was varied from 0.2 to 0.4 V vs RHE (Figure 

IV.22b, c, d). Now that the H2 contribution is smaller compared to the D2, it is easier to 

observe how it is generated along the BOR. At potentials above E = 0 V vs RHE, the D2 

current is proportional to the faradic one, with a ratio of around 1:1 (with the error from 

the noise). For potentials below 0 V vs RHE, the D2 contribution does not follow the 

faradic current and progressively increases with potential to match it around 0 V vs 

RHE. This agrees with the RDE and RRDE measurements: large gas generation is 

observed once the stable steady-state of the reaction is reached. This means that above 

0 V vs RHE, 2 molecules of D2 (or H2 when using NaBH4) are generated for one BD4- (or 
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BH4-) oxidized, translating in a 4-electron loss; this again fits our first calculations 

(Figure IV.17). When the upper potential limit is increased to the surface Ni(OH)2 

formation region (Figure IV.22d), the D2 current falls to zero (at 5 mM NaBD4 on the 

forward scan and 50 mM NaBD4 on the backward scan) where a residual (and stable) 

current is still measured on the electrode. 

The number of electrons valorized can be estimated using these DEMS CVs with 

calibrated ion currents. The equation 4.6 is taken from Ref [211] where the faradic 

current is reported to the ionic currents involved in the electron loss. In this case, the 

calculations were performed using either both D2 and HD contributions or the D2 

current only, and the results are presented for both concentrations of NaBD4 on Figure 

IV.23. 

𝑛𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑝𝑒𝑟 𝐵𝐷4
− = 

8 𝐼𝑓
1
2 𝐼𝐻𝐷 +  𝐼𝐷2

+ 𝐼𝑓

 (equation 4.6) 

with: 

𝑛𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑝𝑒𝑟𝐵𝐷4
−= Number of electron valorized per BD4

- 

If = Faradic current (mA) 

IHD = Calibrated ionic current of HD (mA) 

ID2 = Calibrated ionic current of D2 (mA) 

 

Figure IV.23. Estimation of the number of electron valorized by Ni surfaces during 
anodic sweep of the BOR in Ar-saturated 1 M NaOH + (a) 5 mM and (b) 50 mM NaBD4. 
Calculation made with either the HD and D2 or D2 only contribution using equation 4.6. 

Overall, including the HD contribution in the calculation decreases the number of 

electrons valorized by almost 1 at low potentials but is not so impactful above 0.1 V vs 

RHE, which seems logical because almost no HD is detected in this potential region. 

The estimation with D2 only does not contain all D species lost and therefore the first 

estimation should be more accurate. At 5 mM NaBD4, the estimated number of electrons 
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valorized is comprised between 4 and 5 until the formation of surface Ni(OH)2, where 

it increases, because as mentioned previously, less D2 is detected on an oxidized surface. 

For the 50 mM NaBD4 concentration, the same conclusion is drawn, except that this 

time the number of electrons plummets with the faradic current (on the forward scan). 

The proposed hypothesis is that the passivation/poisoning occurs way faster at higher 

concentration, so the detection of D2 is delayed to some extent, resulting in a significant 

variation of the If/ID2 ratio. This 4 to 5 electron valorized estimation is in agreement (but 

slightly greater) with what was expected from R(R)DE measurements; again, the 

calibration of the ionic current might have been overestimated and thus a slightly lower 

number of electrons should be expected, which strengthens the agreement. An observed 

decrease of the number of transferred electrons in the vicinity of mixed potential 

(especially noticeable at a higher borohydride concentration) may be attributed to the 

contribution of heterogeneous hydrolysis of borohydride on the Ni surface. 

 

IV.4.2.2 Fourier Transform Infra-Red spectroscopy 

In situ FTIR measurements were performed (by Alexandr Oshchepkov and Antoine 

Bonnefont, mostly) to investigate the nature of the intermediate species and products 

formed during the BOR on a Ni electrode. To study a metallic electrode, a 10 mm 

polycrystalline Ni disk was polished and directly installed in the N2-purged FTIR cell. 

For more details about the cell and the acquisition parameters, refer to section “II.3.3 

Coupled spectroscopic method”.  

Reference spectra using separately NaBH4, NaBD4, NH3BH3, NaBO2, Na2B4O7 were 

acquired at OCP to measure the wavenumber of the possible BOR intermediate species. 

Each band was assigned to a species using Refs [202–205] and the resulting spectra can 

be found in section II.3.3. Once the references were acquired, the Ni electrode was 

characterized in BOR conditions in both 0.1 M NaOH + 0.2 M NaBH4 (this relatively low 

NaOH concentration was chosen to avoid degradation of the ZnSe prism) and 0.1 M 

NaOD + 0.2 M NaBD4 electrolytes at increasing potentials from EOC to E = 0.4 V vs RHE 

(Figure IV.24). This large fuel concentration was chosen to magnify the detection of 

boron-based species (note that at lower borohydride concentrations it was not possible 

to detect any spectral features corresponding to BOR products/intermediates). 11 

spectra were measured every 100 mV and only the last ones are represented for each 

potential. In presence of borohydride, positive bands appear at 2264 (broad feature, 

comprising several absorption peaks) and at 1100 cm-1, which correspond to B-H 

stretching and deformation vibrations of BH4-, correspondingly, and thus evidence 

consumption of the latter (Figure IV.24 a) already at EOC, suggesting non-negligible 

hydrolysis of the fuel. Some B-O and/or B-OH bonds are also detected and originate 
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from the products of this hydrolysis, their tentative assignment being presented further 

in the text. This behavior, mainly driven by the heterogeneous hydrolysis process, 

remains similar until E = 0 V vs RHE, where new B-O based species, produced by the 

BOR, are evidenced by the appearance of rather intense 1410 cm-1 and 1380 cm-1 and 

less intense 1150 and 1050 cm-1 absorption bands. These peaks increase with the 

potential (and oxidation current), confirming that they mark the formation of BOR 

products. The hydrolysis product initially detected by the simultaneous appearance of 

1150 and 960 cm-1 bands disappears. An important observation regarding the BOR 

mechanism is that no formation of B-H based species (1180 cm-1) are detected in this 

potential window (above 0 V vs. RHE), suggesting once again a new reaction pathway 

avoiding BHx,ad intermediate species, unlike for the previously-studied PGM electrodes.  

 

Figure IV.24. In-situ FTIR spectra obtained using a ZnSe prism on a Ni electrode in (a) 
0.1 M NaOH + 0.2 M NaBH4 or (b) 0.1 M NaOD + 0.2 M NaBD4 electrolytes at potentials 
increasing from EOC to E = 0.4 V vs RHE.  

Using deuterated BD4- (Figure IV.24b) results in similar observations and allows one to 

assign the spectral features. The consumption of BD4- is detected already at EOC (1667 

cm-1 band corresponding to B-D stretching vibration). The hydrolysis products are now 

detected at 1050 and 850 cm-1. The change of the wavenumber from 1150 and 960 cm-1 

in BH4- to 1050 and 850 cm-1 in BD4- allows one to attribute them to B-O-H and B-O-D 

deformation vibrations of hydrolysis products/intermediates (likely some BHx(OH)y 

species). The band at 1200 cm-1 corresponds to D-O-D scissor vibration of D2O (note 

that the appearance of this band correlates with the ca. 2400 cm-1 one, the latter 

corresponding to the O-D stretch in D2O). Similarly to Figure IV.24a, the hydrolysis 

products (evidenced by 1050 and 850 cm-1 bands) disappear once the potential is 
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increased above 0 V vs RHE, and again, B-O based species are produced, this time 

detected by bands at 1380, 1310, and 890 cm-1, and again, no new B-D bonds are 

witnessed. Comparison of the spectral features observed at E  0 V vs RHE in NaBH4 + 

NaOH and  NaBD4 + NaOD allows us to attribute them to the formation of B(OH)3 and 

B(OH)4- products as confirmed by the presence of stretching vibrations (B(3)-OH) at 

1410 cm-1 ((B(3)-OD) at 1380 cm-1), (B(4)-OH) at 1315 cm-1 ((B(4)-OD) at 1310 cm-1), 

and deformation vibrations (B(3)-OH) at 1150 cm-1 ((B(3)-OD) at 890 cm-1). 

Simultaneous detection of B(OH)3 and B(OH)4- products can be explained by the local 

pH change in the thin layer (due to an insufficient NaOH concentration) and the 

ensuing acid-base equilibrium (B(OH)3 + 2H2O ⇌ [B(OH)4]− + [H3O]+ ; pKa = 8.98).  

To conclude, the formation of B-O species during the BOR was clearly highlighted, 

while no B-H species were found. It was also observed that the hydrolysis of the fuel is 

significant at potentials below E = 0 V vs RHE (and likely occurs via formation of a 

BHx(OH)y intermediate species), and that above this potential, the behavior changes, in 

accordance with the previous measurements. 

 

 Computational modelling by DFT and Kinetic simulation of the BOR  

IV.4.3.1 Binding energy of intermediate species by DFT calculations 

To better understand the superior performance of Ni electrocatalysts in the BOR, DFT 

calculations (performed by Michael Janik, Pennsylvania State University and 

Gholamreza Rostamikia) were used to determine the binding energies of the key species 

on the Ni (111) surface and compare them with the ones published for Pt (111), Au (111) 

and Pd (111) surfaces. Differences among these metals are apparent in the initial 

adsorption and B-H bond dissociation of BH4-. As Table IV.2 shows, the binding of 

borohydride varies from strong on Pt to weak on Au surfaces, with Pd and Ni metals 

having intermediate values. The inability of Au to break B-H bonds at low BOR 

overpotentials [137,211,217] makes this metal inappropriate for practical applications. 

On the Pt (111) surface, the adsorption of BH4- species is detrimentally-strong, resulting 

in BH4-dissociation, with no barrier for B-H bond breaking [215]. This leads to fast 

poisoning of the Pt active sites with BH* species and formation of H* that contribute to 

the H2 generation. Oxidation of the BH* species resulting from BH4- dissociation is the 

rate-determining step on Pt [215,216]. The interaction of BH4* with the Ni surface is 

intermediate to that of Au and Pt. The binding is strong-enough to enable subsequent 

oxidation, but not too strong to induce severe surface poisoning. DFT calculations 

predict molecular (non-dissociative) adsorption of BH4- on Ni (111) surface, although 

the stretching of the B-H bond suggests its facile dissociation. Although the detailed 
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data regarding adsorption of various BHxOy species are not included for the Pd surface, 

the electrochemical results point to a similar behavior as for Pt surface. 

Table IV.2 Binding energies of species bound to the M (111) surface at optimal 
binding sites. 

Subsequent reaction steps also suggest that reaching a limiting current for the 

borohydride oxidation can occur at low overpotentials on Ni (111) and via an alternative 

mechanism than found on Pt (111). Binding of the BH* species is weaker on the Ni (111) 

surface compared to the Pt (111) surface. Alternatively, BH2OH* binds more strongly to 

Ni (111) surface compared to Pt (111) surface, causing B-OH bond formation to precede 

complete B-H dissociation, as BH2OH* is the significantly-preferred 4-electron 

intermediate on Ni (111) over BH*, in agreement with the experimental data. The 

reaction energy for BH4* conversion to BH* and BH2OH* is calculated on the Ni (111) 

surface at 0 V vs RHE:  

Species 
Binding energy (eV) 

Ni (111) Pt (111) Au (111) Pd (111) 

BH4* 
-3.68; 

-3.50 [388] 
- 

-1.73 [217]; 

-1.96 [388] 
- 

BH+3H* - 
-4.73 [215]; 

-4.56 [388] 
- -3.63 [388] 

BH3* -2.19 -1.94 [215] -0.55 [217] - 

BH2* -4.10 -3.40 [215] -2.64 [217] - 

BH* -5.39 -6.14 [215] -4.40 [217] - 

B* -5.75 -6.50 [215] -4.43 [217] - 

BH3OH* -2.77 - -1.08 [217] - 

BH2OH* -1.27 -0.06 [215] -0.06 [217] - 

BHOH* -3.46 -3.31 [215] -2.34 [217] - 

BOH* -3.74 -4.41 [215] -2.76 [217] - 

BH(OH)2* -0.49 -0.17 [215] -0.05 [217] - 

B(OH)2* -2.36 -3.09 [215] -2.20 [217] - 

B(OH)3* -0.22 -0.16 [215] - - 

H* 
-2.86; 

-2.94 [389] 

-2.72 [215]; 

-2.72 [389] 

-2.12 [217]; 

-2.18 [389] 
-2.88 [389] 

OH* 
-3.37; 

-3.42 [390] 

-2.26 [215]; 

-2.34 [390] 

-1.79 [217]; 

-2.21 [390] 
-2.62 [390] 

H2O* 

-0.30; 

 

-0.33 [390] 

-0.25 [215]; 

-0.29 [390] 

-0.11 [217]; 

-0.12 [390] 
-0.30 [390] 
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BH4
∗ + 3OH− → BH2OH∗ + 2H2O + 3e− ΔG = -0.47 eV (equation 4.7) 

BH4
∗ + 3OH− → BH∗ + 3H2O + 3e− ΔG = +0.17 eV (equation 4.8) 

Therefore, unlike the Pt (111) surface, Ni (111) will not be poisoned by BH* species at 

low potentials, suggesting that Ni (111) can outperform Pt (111) surface below E = 0 V 

vs RHE (this agrees with the FTIR data: no B-H bonds were detected for Ni). However, 

some poisoning was still observed at low potential and a potentially activated step is 

required to regenerate the Ni surface (Figure IV.20). The expected higher coverage of 

OH* on Ni (111) at BOR-relevant potentials (see stronger OH* binding in Table IV.2) 

will also help to promote B-OH bond formation. This also fit the CA measurements, 

where the current was observed to be more stable on Ni. However, it is important to 

keep in mind that slight poisoning is still observed on Ni surfaces, as discussed above. 

The HER competes with the BOR for E < 0 V vs RHE. The high HER activity of Pt 

(relative to Ni) results in intensive H2 escape, while the relatively strong H* adsorption 

on metallic Ni [289], results in low activity in the HER. Based on DFT results, the BOR 

on Ni (111) is expected to be faster than on Pt (111) at low potentials, though one cannot 

differentiate whether this is the leading cause of the observed higher oxidation current 

on Ni at low potentials, rather than the lower competing reduction current for the HER 

on Ni. 

 

IV.4.3.2 Kinetic simulation of the BOR on metallic Ni 

By taking into account all the data gathered from the previous experiments and 

calculations, a tentative kinetic model was established (mostly by Antoine Bonnefont), 

so as to account for (i) the influence of the BH4- concentration, (ii) the influence of the 

Ni sites density, (iii) the hydrogen generation measured by DEMS and (iv) the 

intermediate species detected by FTIR and RRDE (only BO2- and related species but no 

BH3OH- or other B-H based species with x < 4). The proposed reaction pathway is 

described by equation 4.9 to 4.12. The values proposed for the reaction constant are used 

for the kinetic simulations but are still preliminary guesses. 

BH4
−  ↔  BH4,ad + e− (equation 4.9) 

BH4,ad +  2 OH−  →  B(OH)2,ad +  2 H2 + 2 e− (equation 4.10) 

B(OH)2,ad + OH−  →  B(OH)3,ad + e− (equation 4.11) 

B(OH)3,ad + OH−  →  BO2
− +  2 H2O (equation 4.12) 

Step 1 (equation 4.9) is fast on Ni (k1= 2.104 mol-1.L.s-1). It requires several adjacent Ni 

sites. It might be reversible with an equilibrium potential close to or even below E = -
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0.5 V vs RHE, in accordance with the binding energy of BH4* on Ni. Step 2 (equation 

4.10) is also fast (k2 = 100 s-1) on Ni and comprises several elementary steps (which are 

currently not fully understood). The kinetics of this step strongly influences the shape 

of the current-potential curves. This step is potential-activated. The H2 produced might 

adsorb on the Ni surface and contribute to the surface blocking. Step 3 (equation 4.11) 

is slow; it is the rate-determining step (k3 = 10 s-1). It is potential-activated with a charge-

transfer coefficient lower than 0.5. Step 4 (equation 4.12) is fast (k4 = 500 s-1). Preliminary 

simulations were performed using these elementary steps with their corresponding rate 

constants on two different Ni surfaces (‘flat’ and ‘rough’). Details about the simulation 

and its parameters are given in section “II.5 Kinetic modelling”. Figure IV.25 presents 

the simulation of a flat metallic surface (low active site density θ = 4.4 10-9 mol.cm-2) in 

either supporting electrolyte or in BOR conditions. Such surface could be compared 

with the polished polycrystalline Ni disk studied in section IV.2. The behavior of 

metallic Ni in 1 M NaOH (Figure IV.25a) is correctly reproduced with a low HER activity 

and a Ni/surface α-Ni(OH)2 transition peak at E = 0.25 V vs RHE. For E = -0.3 V vs RHE, 

in presence of borohydride (Figure IV.25b), BH4, ad species now covering the surface in 

competition with Had, delaying the HER and related H2 generation at the electrode (in 

this preliminary model, only the hydrolysis at OCP is taken into account ). This results 

in a BOR onset potential at -0.250 mV vs RHE, which is slightly lower than the 

experimental data (Eonset = -0.2 V vs RHE on Figure IV.4). The rest of the reaction fits 

correctly the faradic current measured on Figure IV.4 with the polycrystalline Ni disk. 

With this reaction pathway, two H2 molecules are lost per one BH4- anion oxidized, 

resulting in a H2 escape current equal to the faradic one (this corresponds to the DEMS 

experimental data and the number of electrons measured via RDE). The delayed gas 

generation below 0 V vs RHE observed with DEMS is now masked by the H2 produced 

by the HER, since these two contributions cannot be separated anymore, because of the 

use of NaBH4 and not NaBD4. This will be considered for further updates of the model. 

Regarding the surface coverage, BH4,ad species are replaced by B(OH)2,ad when the 

reaction starts through Step 1 (equation 4.9) and when the potential exceeds E = 0 V vs 

RHE; all the BH4,ad are consumed and only B(OH)2,ad and Had adsorbates are present on 

the surface. The adsorption of OHad at higher potential results in a decay of B(OH)2,ad 

and therefore the faradic current as observed in the experiment. Overall, this first 

simulation is capable to reproduce the behavior observed on Ni disk electrode with a 

low active site density, where the reaction starts at low potential but does not reach a 

clearly marked plateau before the surface is oxidized.  
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Figure IV.25. Kinetic simulation of a flat metallic Ni electrode (θ = 4.4 10-9 mol.cm-3) in 
(a) supporting electrolyte: 1 M NaOH at ω = 0 rpm or (b) in BOR conditions: 1 M NaOH 
+ 5 mM NaBH4 at ω = 1600 rpm. For each conditions the hydrogen escape current as well 
as the surface coverage is represented along the faradic current vs the applied potential. 

To simulate the NiED/C electrodes the density of active sites was increased by a factor 

1000 (θ = 4.4 10-8 mol.cm-3) and the resulting calculations are presented on Figure IV.26. 

In supporting electrolyte, the behavior of the Ni surface is similar to the previous 

simulation, with only the current density being greater, because of the highest site 

density. In presence of 5 mM NaBH4 (Figure IV.26b) the onset of reaction is still Eonset = -

0.250 mV vs RHE, which now fits better the experimental data. A plateau is reached 

around E = -0.1 V vs RHE, in agreement with the RDE measurements (Figure IV.15). At 

this potential, the Had coverage increases at the expense of B(OH)2,ad originating from 

the release of H2. It results in a small decrease of the faradic current until the formation 

of OHad, which will allow the oxidation of these poisoning Had species. This is not 

observed in the experiment, so the kinetic model can still be modified/improved. The 

hydrogen escape current also decreases from this potential, but this is also observed by 

DEMS at 5 mM NaBD4, where the faradic current is superior (Figure IV.22a). 
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Figure IV.26. Kinetic simulation of a rough metallic Ni electrode (θ = 4.4 10-8 mol cm-

3) in (a) supporting electrolyte: 1 M NaOH at ω = 0 rpm or in BOR conditions: 1 M NaOH 
+ (b) 5 mM or (c) 50 mM NaBH4 at ω = 1600 rpm. For each conditions the hydrogen escape 
current as well as the surface coverage is represented along the faradic current vs the 
applied potential. 

For [NaBH4] = 50 mM (Figure IV.26 c), the simulation fits correctly the experimental 

data up to E = 0.3 V vs RHE, where the faradic current should quickly decrease because 

of the formation of surface oxides. On the simulated curves, an activity rebound is 

observed before passivation at E = 0.4 V vs RHE. By looking at the coverage of the 

surface, it is explained by the fact that the same resurgence of Had species is observed, 

but delayed from E = -0.1 to 0.1 V vs RHE, because of the higher concentration of BH4,ad 

and B(OH)2,ad species on the surface. At this concentration, the formation of OHad 
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species is also delayed, which explains why the passivation occurs at higher potential. 

The reactivation occurs once again when both Had and OHad are present at the surface, 

because of the activity towards the HOR increases in presence of surface oxides (as 

explained in the first section of this chapter). Overall, this proposed kinetic model gives 

promising simulation of the BOR on metallic Ni surfaces, fitting reasonably the 

experimental data while taking into account the influence of the active site density and 

the borohydride concentration. The effect observed where Had species reappear on the 

surface at a certain overpotential and the related hydrogen escape, does not correspond 

to the experimental behavior of metallic Ni electrode, though, and it should be 

reconsidered to keep improving this model. This is probably caused by the fact that the 

local H2 concentration is overestimated in the kinetic model, since the formation of H2 

bubbles is not taken into account. This results in an artificial accumulation of hydrogen 

in the diffusion layer in the considered model, increasing the rate of H adsorption. 

 

IV.5 Conclusions 
 

In this chapter the ambiguities regarding the behavior of Ni electrodes towards the BOR 

were unveiled thanks to the work of Oshchepkov et al. on the influence of the state of 

surface for the hydrogen related reactions. The key factor to reach high BOR activity, 

particularly at potentials below E = 0 V vs RHE, was to use a purely metallic surface and 

avoid irreversible oxidation by maintaining the anodic potential below E = 0.5 V vs RHE. 

The use of polycrystalline Ni electrode proved its promising activity, but also revealed 

large limitations by reaction kinetics, due to a too low active site density.  

Bimetallic NixM catalysts obtained by conventional chemical synthesis were studied 

with the aim to palliate both the irreversible oxidation (the transition-metal co-elements 

M should help the depassivation of the surface) and the limited number of active sites 

encountered during the preliminary study on bulk electrodes. The results obtained 

using these catalysts were disappointing, but helped to reveal a major flaw of the 

conventional carbon-supported Ni nanoparticle catalysts: even after conditioning in 

supporting electrolyte and activation in presence of borohydride, the surfaces remained 

substantially oxidized, which did significantly limit their BOR activity. It confirms why 

such ambiguities have been observed in the literature, because almost each time this 

type of catalyst is used, the state of surface is rarely taken into account. A new synthesis 

procedure needed to be adapted to obtain highly developed metallic Ni surfaces. 

The electrodeposition procedure developed by Oshchepkov was reproduced to obtain 

Ni nanoparticles deposited on a commercial carbon support. This non-noble catalyst 

presented an impressive BOR activity, especially at low potentials, surpassing even 
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Pt/C, the current best and most commonly used catalyst for the BOR. At higher 

potentials (E > 0 V vs RHE), NiED/C still outperformed the best conventional Ni/C and 

also Pd/C catalysts, but was surpassed by Pt/C. Interestingly, mass-transport limitation 

was reached on NiED/C at a current two times smaller than the one of Pt/C, and 

potentiostatic measurements revealed a much better BOR stability on metallic Ni 

electrodes than on any noble metal catalyst. These two observations suggest a different 

reaction pathway for the Ni electrode. To clarify the situation, electrochemical 

measurements with and without coupled spectroscopic method were performed: they 

confirmed that the BOR occurs following new steps (compared to noble metal 

electrodes), and that the model described in Chapter III is not valid for Ni electrodes. 

Combining these experimental data and DFT calculations of the binding energies of 

adsorbed species, a preliminary kinetic model was proposed. Promising simulation 

results fitting reasonably the experimental data were obtained. However, the model still 

needs to be improved to fully match the experimental data, especially regarding the 

adsorption of Had species at high overpotential. 
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The aim of this chapter is to move from laboratory-scale Ni surfaces presented in 

chapter IV towards efficient and non-noble DBFC anodes. Other full cell parameters, 

such as the cathode and the membrane, will also be investigated to improve the 

complete system. This chapter is based on an ACS Catalysis article about metallic nickel 

for the BOR [291] and on a more recent one addressing a new support material and its 

tuning to obtain optimal performance, published in ChemElectroChem. [391]. The 

chapter will be structured as follow: NiED/C anodes of 8 cm² will be elaborated by 

adapting the electrodeposition procedure; then to optimize the anode properties the 

carbon support will be replaced by Ni 3D structures; from this point new membranes 

(commercial or made by collaborators) as well as new non-noble cathode catalysts 

(made by Prof. Jaouen’s group) will be tested to improve the overall performance of the 

unit DBFC. 

 

V.1 Elaboration of NiED/C anodes 
 

 Upscaling the NiED/C electrodes 

V.1.1.1 Adapting the electrodeposition procedure 

State-of-the-art FC electrodes are composed of a thick (ca. 200 µm) gas diffusion layer 

(GDL), usually made of carbon paper, used to ensure a good mass-transport of the fuel 

or oxidant to the active layer. The active layer is composed of the carbon-supported 

electrocatalysts nanoparticles (e.g. with Vulcan® XC72 or Ketjen Black® 600 carbon 

supports) combined with an appropriate amount of ionomer (most commonly Nafion® 

in PEMFC). It is very similar to the thin layer prepared as WE on RDE tips in half-cell 

configuration, described in the “II.2 Electrolytes and catalyst inks preparation” section. 

The active layer is elaborated from an ink, that can be deposited either on the GDL 

(Catalyst Coated Backing, CCB) or directly on the membrane (Catalyst Coated 

Membrane, CCM).  

The NiED/C samples presented in the previous chapter could have been transferred into 

active layers via inks. However, because Ni nanoparticles must be maintained metallic 

to keep their outstanding BOR activity at low potentials (E < 0 V vs RHE), it is not 

straightforward to create an ink to coat active layers on the GDL or the membrane. 

Indeed, this process involves mixing steps and a mild heat-treatment (usually performed 

under atmospheric air) and hence, would irreversibly oxidize the metallic nanoparticles. 

Operating in glove box from the ink preparation to the cell testing would have been a 
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possible but much time-consuming and tedious. A more convenient procedure not 

requiring any atmosphere-controlled environment, to move from NiED/C electrodes for 

RDE (Sgeo = 0.196 cm²) towards the bigger 8 cm² surface required in the unit DBFC, is to 

keep the same electrodeposition synthesis technique. The larger surface area at stake 

imposes to adapt the procedure. To keep it simple, the electrodeposition was firstly 

performed directly onto the carbon GDL fibers (from SGL, used bare, without carbon 

black-based microporous layer). That way, nanoparticles are grown directly in the pores 

of the carbon paper, hence merging the GDL and the active layer properties: the 

obtained simple final structure of the electrode will be called Gas Diffusion Electrode 

(GDE). 

The ED procedure presented in Chapter IV was reproduced on these 8 cm² GDE with 

several modifications: the concentration of Ni2SO4 has been increased 10 times 

([Ni2SO4]GDE = 0.1 M); a third conditioning potential has been added prior to the 

nucleation and growth ones (E1 = 0.03 V vs RHE for 5 s) in order to avoid current 

overloads at the start of the deposition; the nucleation time was decreases from 15 s to 

10 s but kept at the same potential (E2 = -0.74 V vs RHE) and the growth step remained 

unchanged. The main modification is the possibility to reproduce this three-potential 

electrodeposition step (referred later as “one ED pulse”) enabling to tailor the loading 

of Ni nanoparticles deposited at the surface of the support and to have a decent 

penetration of the Ni nanoparticles in the whole GDL thickness/volume. Thanks to this 

procedure, two sets of samples were obtained with distinct loadings; one pulse led to 

the low loading electrode (later on referred as NiED/GDE-L) and six pulses to the high 

loading electrode (later on referred as NiED/GDE-H). The detailed procedure and the 

typical electrodeposition transients for both loadings are presented in the section 

“II.4.1.2. NiED/GDE anode elaboration procedure”. 

Both electrodes were characterized in supporting electrolyte and their respective CVs 

are represented on Figure V.1. The anodic peak corresponding to the conversion of 

metallic Ni sites into surface α-Ni(OH)2 at 0.3 V vs RHE and the corresponding cathodic 

peak around 0 V vs RHE confirm the metallic state of the electrodeposited Ni. The main 

improvement observed with these new electrodes is that the ECSA can be tailored. With 

one pulse, the NiED/GDE-L electrode already has a highly developed ECSA (540 cm²); it 

can be increased further with six pulses (2800 cm² for the NiED/GDE-H electrode). The 

metal loading of the electrode likely grows with the number of pulses, but may not be 

directly proportional to the electrode ECSA. As described in Chapter IV about the 

NiED/C synthesis procedure, even if the SGL carbon of the GDL and metallic Ni are poor 

catalysts towards the HER, at such low potentials (-0.74 or -0.54 V vs RHE) a large 

amount of H2 is inevitably evolved, thereby affecting the overall faradaic efficiency of 

the deposition. The faradaic efficiency, which was estimated as ca. 35% for the NiED 
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electrodes prepared in RDE configuration, must be recalculated because the conditions 

have been modified to produce the higher surface electrodes.  

In order to have a precise idea of the Ni mass deposited on each of the electrodes, they 

were analyzed using ICP-MS. The procedure to prepare the electrodes for this 

characterization is detailed in the section “II.3.2.4 Inductively coupled Plasma Mass 

Spectrometry” and the following loadings were obtained: NiED/GDE-L, 

mNi = 0.60 ± 0.05 mgNi.cm−2); NiED/GDE-H, mNi 3.6 ± 0.1 mgNi.cm−2). Using the charge of 

the deposition transients (Figure V.1), and assuming 100% efficiency, the Faraday law 

(equation 5.1) gives deposited Ni masses respectively of 0.57 mgNi.cm-2 and 4.01 

mgNi.cm-2; the expected Ni loading being directly proportional to the number of pulses. 

 

Figure V.1. CVs obtained in N2-saturated 1 М NaOH at vs = 20 mV.s-1 for SGL (black 
curve) and new NiED –based electrodes. NiED/GDE-L (red curve, ECSA = 537 cm²) is 
obtained with 1 pulse and NiED/GDE-H (blue curve, ECSA = 2823 cm²) with 6 pulses of 
electrodeposition. 

Faraday’ Law: 𝑚𝑁𝑖 = ∫
 𝐼 (

 𝜏)𝑑𝜏
𝜏

0

𝑀𝑁𝑖

𝐹. 𝑧. 𝐴
 (equation 5.1) 

with: 

mNi = Metal loading deposited (g.cm-2) 

I = Current (A) 

τ = Time of the deposition (s) 

MNi = Atomic mass of nickel (58.7 mol.g-1) 

F = Faraday’s constant (96 485 C.mol-1) 

z = Number of electrons transferred (2 for Ni2+ reduction) 

A = Geometric surface area of the electrode (8 cm²) 
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Using Faraday’s law, the calculated mass deposited for NiED/GDE-L is within the error 

bar given by the ICP-MS analysis, but slightly exceeds that of the NiED/GDE-H sample. 

This translates into an estimated faradic efficiency of 100% and 90% for the NiED/GDE-

L and NiED/GDE-H sample, respectively. This difference can be explained by the pulsed 

nature of the deposition. Indeed, during the first pulse the electrodeposition occurs with 

close to 100% current efficiency, because the activity of the carbon support towards the 

HER is too low to generate substantial amount of H2 at the applied potential. For the 

following pulses, metallic Ni is now present at the surface and, even though its HER 

activity is quite low, it is higher than that of carbon, and is sufficient to reduce the 

efficiency of deposition by 10%. Compared to the NiED/C samples presented in Chapter 

IV, the efficiency of the Ni deposition was drastically improved, mostly because the 

Ni2SO4 concentration of the deposition bath was increased 10 times, ensuring a good 

supply of active species to the electrode surface. Moreover, the open porosity of the 

GDE, compared to a microporous layer, allowed a better mass-transport in the electrode. 

The ratio between the ECSA of both electrodes is smaller than 6 (
2823

537
= 5.27). Even by 

correcting it using the estimated faradic efficiency calculated above, the ratio only 

reaches 5.8 (the calculation implies approximations). This difference may not only be 

related to the deposition efficacy, and suggests that the morphology of the electrodes 

may be different for the two deposits. The same discrepancy is obtained by calculating 

the specific surface area of both samples using the ECSA and the mass of Ni measured 

by ICP-AES: 𝑆Ni = 
𝐸𝐶𝑆𝐴

𝑚Ni
 giving SNi = 11.2 m².g-1 and 9.8 m².g-1, for the low and high 

loading electrode respectively (6 x 9.8/11.2 = 5.25). By comparing this specific surface 

area, measured from the ECSA, to the theoretical one, it is possible to estimate the 

degree of agglomeration of the obtained nanoparticles. The theoretical specific surface 

area can be calculated using equation 5.2: 

𝑆Ni
th =  

𝐴

𝑉 . 𝜌Ni

=  
3

𝑅 . 𝜌Ni

 (equation 5.2) 

with: 

𝑆Ni
th  = Theoretical specific surface area of Ni (m².g-1) 

A = Geometric surface area of one crystallite (m²) 

V = Volume of one crystallite (m3) 

𝜌Ni = Nickel density (g.m-3) 

R = Radius of one crystallite (m) 

The crystallites size for each sample has been determined by XRD diagrams analysis 

(Figure V.2b) to be 14 and 16 nm, giving a ‘theoretical’ specific surface area of 48.1 and 

42.0 m2.g-1, for the low and high loading electrode respectively. The fact that the 

‘theoretical’ specific surface area strongly exceeds the measured one (4.3 times both for 
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NiED/GDE-L and NiED/GDE-H electrode), suggests that Ni crystallites of 14 – 16 nm size 

(estimated from XRD) are agglomerated in larger aggregates. Comparing the 

‘theoretical’ values to the measured SNi, the same 23.3% ratio is obtained for both 

electrodes suggesting a similar agglomeration degree. Agglomeration of Ni 

nanoparticles is confirmed by SEM images (Figure V.2), which present Ni particle size 

of around 200 nm and 500 nm for the low and high loading electrode respectively. Note 

however that ‘compact’ 200 to 500 nm diameter Ni particles would have specific surface 

area of 1 to 3 m2.g-1. This means that these bigger agglomerates are not compact and 

comprise of smaller nanoparticles, their surface area being partly accessible to the 

electrolyte. 

 

Figure V.2 Characterization of NiED/GDE samples. SEM images of pure SGL carbon (a) 
and after electrodeposition of Ni nanoparticles at low (NiED/GDE-L, c and e) and high 
(NiED/GDE-H, d and f) metal loading; (b) XRD patterns obtained for the corresponding 
samples. Reprinted from Ref. [291]. 

Before testing these electrodes in DBFC conditions it is important to check if they have 

not been contaminated during their synthesis, notably by the counter-electrode material 

(a Pt counter electrode was still used in the same compartment as the working electrode 

during the first ED procedure). It had been proven in Chapter IV that no Pt re-deposition 
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occurred on the NiED/C samples. However, the conditions of deposition are now 

harsher: lower applied potentials and higher currents. X-EDS characterization was 

performed on a NiED/GDE-L sample as shown on Figure V.3. The first area (Area 1 on 

Figure V.3a) analyzed, contained as little particles as possible: mainly carbon with very 

low amount of Ni was detected (and no Pt). On both areas containing important amount 

of Ni, no signal was measured for either the Pt M edge (2.05 keV [392]) at low energies 

(Area 2 on Figure V.3a) or the Lα one (9.44 keV [392]) at higher energies (Area 1 on 

Figure V.3b). This analysis confirms that the electrodes are not contaminated by Pt and 

that their DBFC performance should only be attributed to the metallic Ni catalysts. 

 

Figure V.3. SEM images of NiED/GDE-L sample obtained at (a) 3 kV to scan the low 
energies region or (b) 10 kV to scan energies high enough to reveal Pt Lα and Ni K bands, 
and corresponding X-EDS analysis from the marked areas (a1, b1). 

 

V.1.1.2 DBFC performance using NiED/GDE anodes 

In order to ensure the best state of surface of the Ni-based electrodes and avoid any 

involuntary oxidation that could occur if they had been exposed too long to O2, they 

were prepared on the spot and directly transferred to the DBFC unit cell just after 

synthesis and a quick rinsing in water. The unit cell used was designed in LEMTA 

(Laboratoire Énergétique et Mécanique Théorique Appliquée, Nancy, France) and 
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consisted of an instrumented cell composed of 8 cm² electrodes (4 x 2 cm²). Detailed 

information about the cell and the measurement protocol is described in section “II.4.2.1 

BH4-/O2 DBFC setup”. Fresh anodes, with similar properties, were prepared for every 

new measurement. 

As presented on Figure V.4, unit DBFCs using Pt-black/GDE and NiED/ GDE anodes 

displayed open-circuit voltages of Uj=0 = 1.0 and 1.2 V, respectively, thus reflecting the 

same 200 mV improvement observed in RDE studies for NiED/C samples compared to 

the Pt/C ones. More importantly, the cell with a NiED/GDE-L anode significantly 

outperformed the Pt-black/GDE one, even at much lower loading of the metal (0.6 

mgNi.cm-2 versus 2 mgPt.cm-2, respectively, Figure V.4a). Again, we emphasize that the 

reduced state (metallic) of the Ni surface is the key factor towards this impressive BOR 

activity and therefore towards high DBFC performance. For this reason, the cell voltage 

should not be lowered below U = 0.2 V during the test, to avoid irreversible Ni oxidation 

and ensure repeatable results. Surprisingly, both NiED/GDE-L and NiED/GDE-H show 

similar performance, despite a ca. six-fold difference in the Ni-loading. This suggests 

that the high-performing Ni-based DBFCs may be limited by either (i) the cathode 

and/or membrane used, (ii) partial utilization of the anode material (bubble formation 

in the pores of the electrode blocking some active surface), or (iii) mass-transport issues 

related to the construction of the cell. Although additional studies are necessary to 

optimize the preparation parameters of the membrane electrode assembly with NiED 

electrocatalysts, DBFCs with NiED/GDE anodes already show great promise and 

outperform DBFCs with Pt anodes in terms of maximum power density normalized by 

the mass of the active anode component. Besides, they show better performance 

compared to a hydrogen-fed alkaline membrane FC (AMFC) with a state-of-the-art 

PGM-free anode electrocatalyst NiMo/KB [197]. The latter system shows a power 

density of around Pmax = 120 mW cm-2 at j = 0.22 A cm-2, while it is as high as 

Pmax = 155 mW cm-2 at the same current density for a DBFC with a NiED/GDE-L anode, 

although lower metal loading and operating temperature were used in the latter case 

(0.6 vs 2 mg cm-2 and 60 vs 70°C for DBFC with NiED/GDE and AMFC with NiMo/KB, 

respectively). Besides this impressive performance, Figure V.4c, d reveals the major 

drawback of using metallic Ni as the anode catalysts. The amount of H2 escaping the 

cell was measured in real time using a PEMFC connected in line with the outlet of the 

DBFC and functioning in H2 pump configuration, as detailed in section “II.4.2.1 BH4-/O2 

DBFC setup”. This measurement revealed high H2 escape, showing that the Ni-based 

anodes are inefficient to valorize the H2 produced during the DBFC operation. The H2 
escape current only increases when the cell voltage drops, while when using a Pt anode, 

this current quickly drops as soon as the reaction starts, because of high HOR activity 

of platinum. This was expected, since metallic Ni is a poor HOR catalysts, as presented 

in Chapter IV. By looking at the first point on Figure V.4c, the intensity of the hydrolysis 
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of BH4- can be observed. Both Ni anodes produce less H2 than Pt at the OCV and because 

of its smaller number of active sites NiED/GDE-L exhibits the lowest H2 escape. 

However, it also implies that, at low cell voltage, the amount of hydrogen escaping the 

cell will be the most important. By looking at Figure V.4d, it stabilizes around 45% which 

roughly corresponds to 4 e- produced per BH4- species, as predicted by our tentative 

model of the BOR on Ni (section “IV.4.3”). For NiED/GDE-H the amount of H2 not 

valorized is a bit lower, probably because of the higher number of active sites. However, 

this should translate into higher power density, which is not obvious on the I-P curve 

(Figure V.4b), suggesting that a significant amount of H2 produced could be trapped in 

the pores of the electrodes, diminishing both the active area available and the amount 

of escaping H2 measured. This morphology issue of the electrode will be addressed in 

the next section. 

 

Figure V.4. (a) Raw curves and (b) Ohmic-drop corrected data of I−U (full lines) and 
I−P (dashed lines) comparing both NiED/GDE loadings with a commercial Pt-black/GDE 
(2 mg.cm-2) in fuel cell configuration using Pt-black/GDE (2 mg.cm-2) cathode. (c) 
Equivalent H2 escape current density and (d) corresponding percentage, measured using 
an in-line PEMFC in hydrogen pump configuration. T = 60°C, 0.5 M NaBH4 + 4 M NaOH. 

To improve the ability of the Ni electrode to valorize the produced hydrogen, one could 

modify the state of surface of the catalysts from metallic towards partially-oxidized, as 

the latter is very active for the HER/HOR [186,210,289,290]. To that goal, deliberate 

partial oxidation of NiED/GDE-L was performed electrochemically; this resulted in an 

improvement of the HER activity, but led to inevitable decrease of the number of 
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metallic Ni sites (Figure V.5a). This electrode was then tested in the DBFC unit cell in 

similar conditions as for Figure V.4. The resulting I-U and I-P curve are presented on 

Figure V.5b: a ca. 12% loss compared the fresh NiED/GDE-L is observed regarding the 

maximum power density. This loss was expected from the decreased ECSA observed in 

supporting electrolyte. However, the power density obtained is still high, meaning that 

the anode still contains significant amount of metallic Ni, which is confirmed by its 

near-similar OCV vs that for Figure V.4. Figure V.5c also shows that less H2 escape is 

monitored during DBFC operation, as expected. Because the overall current density 

obtained with the partially-oxidized anode is lower, it is important to evaluate the 

normalized H2 escape current (Figure V.5d): less hydrogen is globally lost with a stable 

35% during operation (22% improvement), showing that partial oxidation of the Ni 

electrode can indeed enable to reduce the H2 escape, but this strategy must be optimized 

to maintain as well the cell power density. 

 

Figure V.5. (a) CVs in supporting electrolytes and (b) I−U and I−P comparing 
NiED/GDE-L before and after partial oxidation. (c) Current density of escaping hydrogen 
and (d) corresponding percentage, measured using an in-line PEMFC in hydrogen pump 
configuration. T = 60°C, 0.5 M NaBH4 + 4 M NaOH. 
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 Stability of NiED/GDE anode in DBFC conditions 

To complement the study of the NiED/GDE anode used in DBFC conditions, some tests 

were performed to address the question of the stability (both of the anode catalyst 

material and of the overall DBFC performance). Remarkably, relatively high and stable 

current densities were obtained for the first time through rather long-term (at least 10 

hours) stability tests performed at cell voltages as high as 1.0 V using NiED/GDE anodes 

(Figure V.6a). At such high voltage, noble metals are not able to catalyze the oxidation 

of BH4- (blue curve). This result holds great promises regarding applications requiring 

low power density but high energy (which depends on the cell efficiency, hence of the 

voltage efficiency). This 10-hours stability test was performed using both low- and high-

loading NiED/GDE anodes; the current reached on the high loading anode is significantly 

higher (more than 3 times) than with NiED/GDE-L. This difference was not observed in 

the dynamic measurements discussed above (Figure V.4). This could indicate that 

electrodes with limited number of active sites are more prone to poisoning by 

intermediate (BHx,ad) or product (BOx) species. So, even if NiED/GDE-L appeared the best 

performing electrode on Figure V.4, increasing its Ni loading 6 times could prevent 

significant performance loss in long-term operation. Such an option, unrealistic with 

PGM catalysts, becomes possible with the present non-noble Ni-based electrodes; as an 

example of this, higher metal loadings (up to 70 mg.cm-2) have already been reported in 

the literature [372,381,393,394]. 

 

Figure V.6. (a) Stability test performed in fuel cell condition with both NiED/GDE-L 
and NiED/GDE-H electrodes at 1.0 V, where no current can be collected with a Pt-based 
anode. (b) Estimation of the BH4

- consumption during the stability test calculated using 
Faraday’s law (NiED/GDE-H electrode). 

By looking at the slowly declining profile of the red curve on Figure V.6a, one could 

wonder if the overall concentration of the electrolyte circulating in the cell did not decay 

significantly over the stability test. The consumption of BH4- during this test has been 

calculated using Faraday’s law, adapted to give the borohydride concentration loss 



CHAPTER V: Integration and optimization of Ni electrodes for DBFC 

 

187 
 

during this measurement (equation 5.3); the resulting curve is presented on Figure V.6b 

(the number of electrons exchanged was set to 4, given the tentative BOR mechanism 

on Ni presented in Chapter IV). 

Modified Faraday’s law 𝐶 =  
∫ 𝐼 (𝜏)𝑑𝜏

𝜏

0

𝐹. 𝑧. 𝑉
 (equation 5.3) 

with: 

C = Concentration of borohydride consumed (mmol.L-1) 

I = Current (A) 

τ = Time of the deposition (s) 

F = Faraday’s constant (96 485 C.mol-1) 

z = Number of electrons transferred (estimated at 4) 

V = Volume of the anolyte tank (L) 

Overall, after the 12 hours of testing only 11 mM of sodium borohydride was consumed 

which represents ca. 2% of the initial concentration (0.5 M); this shows that the gradual 

decline of performance must not originate from a change in the fuel concentration. This 

calculation does not include the losses coming from the heterogeneous hydrolysis of 

the fuel or its crossover to the cathode, though. This observation highlights the high 

energy density of a DBFC. 

 

Figure V.7. I-U curves (a, c) and I-P curves (b, d) of a NiED/GDE anode in DBFC 
operation conditions while (a, b) keeping the cell voltage above 0.5 V and (c, d) using the 
same electrode down to 0.2 V. On panel (a) the local potential of both the anode and 
cathode, measured using an in situ H2 reference are represented. 
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To observe how the electrode would be affected if strongly oxidized in the cell, some 

tests were performed where an electrode was re-used: after a standard test for which 

the voltage was maintained above 0.5 V (Figure V.7a, b), the cell voltage was lowered 

down to 0.2 V (Figure V.7c, d). During this second measurement, the performance 

dropped drastically (for U < 0.4 V) and resulted in irreversible damage: the power 

density dropped at each iteration, even though the temperature was increased. One 

should note that the electrode used for this test was obtained using a preliminary 

electrodeposition procedure that resulted in bigger agglomerates, but other 

characteristics were not influenced. This shows the sensitivity of NiED/GDE towards 

oxidation/passivation.  

This electrode was observed by SEM at different magnifications (from × 10k to × 200k, 

Figure V.8). The first thing to notice is that the shape of the particles composing the Ni 

agglomerates has changed after the test. From spherical they transformed into flakes, 

which is a typical morphology of Ni(OH)2-based materials. [395–398]. This suggests that 

when the anode potential exceeded 0.5 V vs RHE (cell voltage below ≈ 0.4 V), transition 

from α-Ni(OH)2 to irreducible β-Ni(OH)2 and growth of the latter from monolayer to a 

3D phase has occurred. It confirms that lowering the voltage too much in the DBFC 

would irreversibly impact the anode state of surface and thus its performance. The pores 

of this electrode were also observed (Figure V.8e, f, g). The particles covering the carbon 

support are found to be smaller, but this is likely due to the ED procedure, which was 

performed faster than the one described previously. Because of that, the top surface 

agglomerates grew more compared to the inner layer ones. However, their shape is 

similar, with flakes appearing everywhere. This means that all the particles deposited 

on the support participate to the anodic reaction in the DBFC and not just the layer in 

contact with the membrane. It confirms that this ED procedure directly on the SGL 

carbon support allowed to simplify the elaboration of the anode, while keeping a major 

part of the deposited particles active. 
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Figure V.8. SEM images taken with InLens sensor (secondary electrons) of a NiED/GDE 
anode after measurements in DBFC conditions at (a, e) ×10k, (b, f) ×30k, (c, g) ×100k, d) 
×200k magnification. The third row (e, f, g) corresponds to particles deposited in the pores 
of the electrode. The red squares highlight contaminant particles appearing on the surface 
after the DBFC tests. 

The low magnification SEM images of Figure V.8 (red squares) reveal that some odd 

particles can now be found on top of the Ni agglomerates. In the first case (Figure V.8a), 

their size and shape clearly differentiate them from Ni particles. For the second case 

(Figure V.8b), they easily could have been missed at this magnification if the 

conventional secondary electron detector had been used. Indeed, their size and shape 

are quite similar to their surroundings. However, these images were taken using a 

InLens secondary electron detector, which also receive some back-scattered electrons 

(BSE images are brighter for heavier source element): these images therefore sign the 

presence of elements heavier than Ni. To confirm the nature and explain the origin of 

such potential contaminants, they were characterized using X-EDS (Figure V.9). The 

percentages given in each table give an idea of the composition of the scanned area and 

should not be used as quantitative. The first area measured (green borders) confirms 
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that the sample was composed only of Ni as already demonstrated before any DBFC 

tests (Figure V.3). The brighter particles (yellow borders) are mainly composed of gold. 

This is a surprising result, since no gold is used during the catalyst synthesis or in the 

MEA of the DBFC. Only the bipolar plates, which are covered by a layer of gold to 

prevent their deterioration in strong alkaline conditions (4 M NaOH), may be considered 

as the source of gold. This finding proves that even a supposedly inert (non-corrodible) 

gold layer is damaged during DBFC operation. Actually, the first bipolar plates used in 

LEMTA were completely destroyed after several tests: this layer was locally removed, 

thus revealing the inner plate material (brass). Secondly, the small particles (Figure 

V.8b) were found to be Pt agglomerates. Because the electrode was free of Pt before 

DBFC tests (even if the elaboration procedure was slightly different here, there is no 

reason to believe otherwise), the presence of Pt after the test means that Pt was 

deposited on the anode during the tests; the only place where to find Pt in the system 

was at the cathode active layer. The most realistic hypothesis is therefore that the 

cathode electrocatalyst was dissolved during the measurement and Pt-containing ions 

diffused/migrated through the membrane to the anode to be redeposited [223,224]. It is 

also possible that Pt nanoparticles would detach from their support at the cathode (a 

classical degradation process of Pt/C in alkaline environments[260,264], even though it 

is hard to believe (but not impossible, though) that they would cross the membrane and 

end up at the anode. Whatever the reason, having Pt at the anode is not desired: it would 

decrease its OCP, but could also increase its activity at higher potential (because Pt is a 

good HOR catalyst). In any case, the minimal amounts of Pt detected here should not 

lead to drastic changes in the cell performance. However, it would badly impact the 

overall effectiveness of the FC in long-term operation, since it means the cathode is 

slowly depraved of its catalyst (the cathode often being limiting in a DBFC). 
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Figure V.9. SEM image of NiED/GDE anode after DBFC measurements taken at ×16k 
magnification with BSE detection revealing several bright impurities on its surface. These 
impurities are scanned by X-EDS and their corresponding spectra are represented below 
with the composition percentage. These number are only for qualitative interpretation 
and should not be used to quantitative purposes. 
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V.2 Optimization of the anode properties 
 

This section will focus on improving the morphology of the anode, following Olu et al. 
[129] conclusions: this study from 2015 specified that, with a given catalyst, a flat and 

dense catalysts layer (such structure is almost always used in the literature) results in 

poor performance compared to more open, porous and on-purpose defective structure. 

The NiED/GDE anodes developed previously, to some extent fall in this latter category 

of structures, with the catalyst deposited in the thickness of the open and porous 

support. However, the GDL used in the previous section is not designed to be employed 

on purpose as an open electrode structure (it usually comprises a microporous layer). 

So, two commercial 3D Ni substrates of different porosity, tailored to be very open 

structures, will be investigated as potential NiED support: a nickel foam (NFM) and a 

nickel felt (NFT) 

 

 Towards open nickel structures as NiED support 

V.2.1.1 Nickel structure characterization 

Details about the two structures can be found in the section “II.2.3 Surface treatments 

on 3D structured Ni supports”. The morphology and surface characterizations (SEM, X-

EDS and XRD) of the Ni foam (NFM) and the Ni felt (NFT) can be found in section II.3.2. 

“Structural and compositional characterization”. The pore size in NFM is bigger than in 

NFT (Figure II.10a, b, d, e), and its surface is apparently rougher (Figure II.10.c, f). 

Unfortunately, N2 sorption would not be reliable with these materials (the specific area 

is well below 1 m2 g-1) and no data were given by the suppliers; thus no precise pore 

size value can be determined other than visually. The specific surface area of each 

material has been estimated by electrochemical characterization in supporting 

electrolyte (1 M NaOH, Figure V.10a): the double layer capacitance of NFT is larger than 

that of NFM in their respective initial state, indicating larger specific area for the NFT, 

which corresponds to the apparent smaller pore size. Besides, an anodic broad peak 

around 0.3 V vs RHE, corresponding to the conversion of metallic Ni sites into surface 

α-Ni(OH)2 and the corresponding cathodic peak around 0 V vs RHE can already be 

distinguished for the untreated NFT structure, while the CV profile of NFM is 

completely flat within the discussed potential region. The last thing to notice on these 

initial CVs is that NFT is more active in the HER than NFM. These findings all indicate 

that, after the cycling in supporting electrolyte, the NFT structure presents more 

metallic sites than the NFM (which is strongly passivated). This difference could be 

explained by the presence of metallic impurities such as Fe, Mo or Cr, in the matrix of 
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NFT, as shown on the X-EDS spectrum (see section II.3.2.2) and in the XRD 

diffractograms (see section II.3.2.1), while only Ni is detected on NFM, these additional 

metals rendering the Ni-rich alloy of the NFM more prone to remain partially-reduced 

[210]. The different manufacturing process of the NFT and NFM may also account for 

these differences: NFM was sintered at high temperature in air and is therefore strongly-

oxidized throughout the whole thickness of the material. Unfortunately, no information 

regarding the manufacture of NFT could be obtained, but these first results suggest that 

the material could be passivated by only a (thin) native oxide layer. 

 

Figure V.10. Cyclic voltammograms at vs = 20 mV.s-1 of NFM and NFT in (a) Ar-
saturated supporting electrolyte (1 M NaOH, T = 25°C) showing their electrochemical 
profile at their initial state and after acid etching for 2 hours in 2 M C6H8O6 and in (b) 
BOR conditions (Ar-saturated 50 mM NaBH4 + 1 M NaOH, T = 25°C) showing their 
performance with or without rotation of the RDE (ω = 0 or 1600 rpm) at their initial state. 
Reprinted from Ref. [391]. 

The BOR performance of the pristine NFT and NFM was very modest (Figure V.10b). 

Despite the high concentration of NaBH4 (50 mM), none of the materials was able to 

oxidize borohydride below -0.10 V vs RHE, which is well above the OCP of -0.25 V vs 
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RHE reported in Chapter IV for NiED/C. This high BOR onset potential is accompanied 

by very slow BOR kinetics: the current density obtained at higher potentials (up to 0.3 

V vs RHE) does not exceed a few mA.cm-2 and no significant improvement is observed 

when the rotation of the RDE is set to 1600 rpm, meaning that the reaction occurs under 

severe kinetic limitation. This is described by [291] as a typical behavior of strongly-

oxidized nickel towards the BOR, in agreement with the previous findings. Because of 

its higher ECSA and more reduced state of surface (small contribution of α-Ni(OH)2), 

the BOR currents registered on NFT exceed those of NFM by a factor ca. 2 (0.5 mA.cm-

2 vs 0.2 mA.cm-2 at 0 V vs RHE and 2.7 mA.cm-2 vs 1.8 mA.cm-2 at 0.3 V vs RHE and 1600 

rpm, respectively). Note that the onset potential of the BOR on NFT is slightly higher 

compared to NFM, which is ascribed to its higher HER activity, as observed in 

supporting electrolyte.  

A preliminary ED of Ni nanoparticles was performed on pristine NFT and only small 

coverage of the NFT surface by Ni agglomerates was obtained (Figure V.11a). This 

translates in a really small increase of the ECSA and the peak at 0.3 V vs RHE is still 

quite undefined (Figure V.11b): the resulting surface remains essentially oxidized. This 

is explained by the fact that the nucleation of Ni NPs is too difficult on the oxidized 

surface of the pristine NFT: the HER activity of the support is not negligible and almost 

all the reduction current during the Ni deposition procedure leads to H2 evolution 

through the HER.  

 

Figure V.11. (a) SEM image of Ni electrodeposited on NFT (F 0.5) without etching at 
×20k magnification. (b) Corresponding electrochemical profiles of the felt before and after 
NiED in 1 M NaOH at vs = 20 mV.s-1 and T = 25°C. No major improvement of the peak at 
0.25 V vs RHE is observed. 

 

NiED/NFT 

NFT 
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V.2.1.2 Tuning of the state of surface of the NFM and NFT.  

One of the advantages of using NFM and NFT as anodes for DBFCs is that the whole 

electrode (including the surface of their open pores) can be active for the anodic 

reaction, due to the nature and the very open structure of these materials. However, the 

modest results obtained when they are in their pristine state shows that they must be 

tuned for higher activity. Modifying the state of the surface of the NFM and NFT 

materials to obtain metallic nickel at the surface is one good way to enhance their BOR 

performance [291]. The most common way to reduce oxidized nickel surfaces is to 

perform a heat-treatment under reducing atmosphere, e.g. H2 [189,195–197]. This 

approach has been used following the procedure described in the section 4.2. “Surface 

treatments on Ni structures”, where the electrochemical profile of the nickel felt 

obtained after H2 thermal treatment can also be found. An increase of the Ni(0)/Ni(II) 

transition peak as well as of the HER current is indeed observed. However, the shape of 

the CV (additional anodic peak at potentials close to 0 V vs RHE) suggests [186,290] that 

the NFT is in a partially-oxidized rather than fully-reduced metallic state (probably 

because of the repassivation step in the oven). Moreover, this procedure needs 

cumbersome equipment and is time-consuming (mainly because of the natural cooling 

to room temperature). The efficacy of thermal treatments under H2 atmosphere was 

demonstrated by Gdreń et al. [189]. The authors also showed that an acid etching (AE) 

procedure had numerous advantages to remove oxides and expose metallic Ni to the 

surface: (1) simplicity, (2) shorter time needed to obtain metallic Ni sites and (3) increase 

of the surface roughness during the AE treatment, an advantage for electrochemical 

reactions. This effect is clearly demonstrated by Figure V.12, where the intensity of peak 

1 increases with the amount of metallic Ni available for oxidation into surface α-

Ni(OH)2 [189]. Starting from the same initial state, AE is more efficient to reveal Ni 

metal on a NFM structure. This is ascribed to the increase of the surface roughness, but 

might also arise from the fact that during the etching, the hollow structure can be 

pierced (see reference [189]), making the inner surface of the foam or felt accessible to 

the electrolyte. This is not necessarily an advantage, since it means that the mechanical 

strength of the support might be weakened if too severe AE is performed: a balance 

must be found between activation (oxide removal) and mechanical integrity of the 

support. 
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Figure V.12.Cyclic voltammograms in 0.5 M aqueous KOH solution obtained at 
T = 298 K and vs = 100 mV.s−1 in the −0.15 ≤ E ≤ 0.50 V potential range for (A) the “as-
received” Ni foam, (B) the “etched” Ni foam for 2 min, (C) the “reduced” Ni foam, and (D) 
the “passivated” Ni foam. Figure reproduced from Grdeń et al [189]. 

Based on these results, the chosen approach to remove the oxide layer from the nickel 

NFT and NFM structures thereafter will be the AE. The first procedure was based on 

the utilization of concentrated ascorbic acid (C6H8O6) solutions (described in the section 

“II.2.3. Surface treatments on 3D structured Ni support”) in order to avoid fast materials 

degradation. Weak organic acids are known as etchants for Ni and Ni oxide surfaces 

[399]. The CV profiles for both materials after 2 hours AE in 2 M ascorbic acid solution 

can be found in Figure V.11a (hollow symbol curves) and compared to the initial state 

of the electrode. The effect of etching on the NFM does not appear significant. Indeed, 

one can neither observe well-defined anodic peak around 0.3 V vs RHE nor any 

substantial increase of the double layer currents. This may either be due to a large oxide 

thickness (which could not be removed during the 2 h AE treatment), or to poor 

reactivity of “thermal” Ni oxides, which were formed during manufacturing of the NFM. 

This translates into poor BOR activity, even after the AE, as shown in Figure V.13d. The 

onset potential of the reaction slightly decreased, but the CV profile shows, again, really 

small BOR current densities and very poor kinetics. This material is therefore not suited 

as DBFC anode and only NFT will be considered in the next sections of this chapter. 

The AE treatment was much more effective when applied to the Ni felt. SEM images of 

the surface after this treatment can be found in Figure V.13a, b and V.14 a respectively, 

at ×200 and ×2000 and ×50k magnification. It clearly appears that the top layers of the 

felt were removed and the surface becomes rougher compared to the initial state (Figure 

II.10 f). A large anodic peak appeared at 0.3 V vs RHE on the voltammograms of Figure 

V.10 a, corresponding to the formation of surface α-Ni(OH)2, which is reduced back to 

metallic Ni at ca. 0.1 V vs RHE during the cathodic scan (corresponding to peak 2 in 
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Figure V.12). The anodic peak in acid-etched NFT is not as well defined as the one 

observed in Figure V.12. One can also notice a significant discrepancy between the 

anodic and cathodic charges (1.85 mC and 1.05 mC respectively). The most likely 

hypothesis regarding these two aspects is that evolved hydrogen, trapped in the pores 

of the material, is oxidized only once the α-Ni(OH)2 phase is formed. The HER activity 

after AE decreased compared to the initial state and the wide peak at the start of the 

anodic sweep, corresponding to the oxidation of remaining H2/Had produced during 

HER or the formation of NiOHad, also disappeared. Another fact that arises from the AE 

treatment is that some regions appear more etched than others (Figure V.13b). The 

detachment of matter may be influenced by the crystallographic orientation, creating 

stepped structures and thus making some grains rougher than others [322]. Overall, the 

surface is less active in catalyzing the hydrogen reactions after the etching, suggesting 

that (i) it is more reduced and (ii) it will be more active for the BOR.  

This is confirmed by Figure V.13c, that shows the BOR CV profile of the etched NFT 

(eNFT) in 50 mM NaBH4 + 1 M NaOH. The BOR starts now at a lower potential of 

around -180 mV vs RHE, which is already better than the initial reaction onset but still 

not as good as the one observed for NiED/C nanoparticles (see Chapter IV, Ref [291]). 

The reaction kinetics increased as well: a clear influence of the mass-transport is now 

observed when increasing the rotation rate of the RDE. However, no limiting plateau is 

reached and the Levich law is not respected (the current is not proportional to the 

square-root of the rotation rate), suggesting strong charge-transfer kinetic limitation in 

this potential range. This could be explained by either a non-optimal state of surface, 

even after the AE, or by surface-poisoning by intermediate BOR species, that could 

already occur at this concentration (see Chapter III, Ref. [212]) if the amount of active 

sites is insufficient. The hydrogen bubbles mentioned above could also limit the access 

to the active surface. It is important to note that this available surface area is really 

essential regarding such poisoning and the smaller its value, the faster the poisoning. 

For example, the diffusion-limiting current at this concentration is reached around 0.2 

V vs RHE for Pt/C nanoparticles [291] and only around 0.5 V vs RHE for bulk 

polycrystalline Pt (Sgeo = 0.031 cm²) [212]).  
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Figure V.13.SEM images (a, b) of NFT after 2 h etching in 2 M C6H8O6 at (a) ×200 and 
(b) ×2000 magnification. (c, d) Cyclic voltamograms of NFT (c) and NFM (d) in 50 mM 
NaBH4 + 1 M NaOH (T = 25°C) after 2 h etching in 2 M C6H8O6 with RDE rotation 
variation: [0, 400, 900, 1600, 2500] rpm. (e) CVs of NFT in supporting electrolyte (1 M 
NaOH, T = 25°C) probing the surface modifications between 1 min electro-assisted 
etching steps (1 min CA at 0.715 V vs RHE in 2 M C6H8O6 + 0.1 M (NH4)2SO4). (f) Linear 
fit of the ECSA increase with the CA time in 2 M C6H8O6 + 0.1 M (NH4)2SO4). Reprinted 
from Ref. [391]. 

In order to greatly diminish the etching time and thus facilitate the optimization of the 

nickel felt, another potential-assisted etching procedure has been tested. The surface 

was probed between several 1 min CA at 0.715 V vs RHE in the concentrated ascorbic 

acid, as described by Figure V.13e. The ECSA for each curve was then estimated and 

plotted against the etching time. The resulting fit shows a linear relation between the 
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etching time and the increase of the ECSA, and thus the roughness of the surface (Figure 

V.13f). Of course, this relation is only valid for a certain time, where the roughness will 

reach a maximum value and the felt mechanical integrity will start to crumble [189]. 

V.2.1.3 Nickel nanoparticle electrodeposition on etched Ni felt 

The two likely issues limiting the activity of the Ni anode, namely the surface state and 

the surface area, can be resolved by replacing the carbon substrate by the etched nickel 

felt and by creating metallic nickel nanoparticles on its surface using the 

electrodeposition procedure [186,289,291] already described above. That way, more 

active sites will be available, attenuating the electrode poisoning by intermediate 

species, and most importantly, these new sites will be in the right (metallic) state to 

provide fast BOR kinetics. Before trying this potential support in DBFC conditions, a 

preliminary Ni electrodeposition study was performed using a RDE (0.196 cm²). The 

procedure to obtain such NiED/eNFT electrodes is described in more detail and the 

corresponding CA transients of the electrodeposition can be found in the section 

“II.4.1.3 NiED-based anodes elaboration using Ni based support”. Figure V.14 shows (a, 

b) the SEM images and (c, d) the CV profiles in, respectively, supporting electrolyte and 

in the presence of NaBH4, before and after the electrodeposition step. The formation of 

Ni nanoparticles is confirmed by the SEM image, which reveals formation of 

agglomerates of ca. 10 nm Ni particles. In addition, even though the surface was already 

really rough before the electrodeposition, it is also possible to observe smaller 

agglomerates or individual particles all over the surface. To make a comparison, a 

NiED/C sample has been reproduced following the exact procedure from Chapter IV and 

is represented by the red curves in Figure V.14.  

The ECSA values have been measured for each sample, revealing almost 4 times higher 

surface area of the NiED/eNFT compared to the NiED/C. This large improvement is 

attributed to the use of the etched felt as the nanoparticle support. It confirms the results 

obtained by using the pristine support for the ED of Ni (Figure V.11). The behavior of 

the etched felt towards the BOR is also greatly improved by the electrodeposition: the 

reaction onset potential is now -220 mV vs RHE, which is still not as low as for the 

NiED/C (-260 mV vs RHE), probably because the support still comprises some partially-

oxidized regions. This is confirmed by the CV in supporting electrolyte (Figure V.14a), 

where the HER activity is still large and the shape of the anodic region, before the peak 

at 0.3 V vs RHE, is typical of the behavior of a partially-oxidized surface. This dual state 

of surface affects the reaction onset, owing to the appearance of a mixed potential 

(between BOR on NiED and HER on eNFT). However, the current density measured on 

NiED/eNFT quickly catches up with NiED/C (at around -190 mV vs RHE) and stays 

slightly above at potentials below 0 V vs RHE and even more so above 0 V vs RHE. This 

slightly higher current could come from (i) the higher surface area of NiED/eNFT, 
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limiting the effects of the poisoning, or (ii) the positive influence of the eNFT support, 

that has some activity in the HOR. This latter fact would explain why the current 

density of NiED/eNFT is above that of NiED/C (which corresponds to 4 e- per BH4- [291]). 

Regarding the higher potential region, the current density of NiED/eNFT stays higher 

than NiED/C but most importantly, no limitation appears when the oxide formation 

potential is reached (until 0.3 V vs RHE) as it is observed on NiED/C.  

 

Figure V.14 (a, b) SEM images at ×50k magnification of NFT (a) after 2 hours AE in 2 
M C6H8O6 at T = 25°C and (b) after 2 hours AE in 2 M C6H8O6 + Ni electrodeposition in 
0.01 M NiSO4 + 0.1 M (NH4)2SO4. (c) CVs profile in 1 M NaOH at T = 25°C and vs = 20 
mV.s-1 of NFT at its initial state, after AE in 2 M C6H8O6 and after Ni electrodeposition 
and NiED/C used as reference catalyst. (d) BOR profiles of these three different states of 
NFT compared with NiED/C in 50 mM NaBH4 + 1 M NaOH at T = 25°C and ω = 1600 rpm. 
Reprinted from Ref [391]  

In addition to the positive influence of the eNFT support regarding the HOR, another 

explanation could be put forth. The two materials are not exactly in the same oxidation 

state for the same potential: it is possible that some metallic Ni remains as high as 0.3 V 

vs RHE for NiED/eNFT, owing to the existence of porosity in this sample, these sites 

remaining active for the BOR. This absence of limitation could also arise from a better 

management of intermediate species, thanks to the more open porosity of the nickel felt 

compared to the XC-72R carbon support of NiED/C. Finally, the distribution of current, 

potential and pH within the pores of the NiED/eNFT could “delay” the 

oxidation/passivation of the surface, but this is hard to experimentally demonstrate. 
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Whatever the tentative explanation, the BOR performance of NiED/eNFT is obviously 

better than that of the NiED/C in the RDE configuration. This means that it can be a 

viable candidate as a fully PGM- and carbon-free anode for DBFC applications, and will 

be upscaled. 

 

 DBFC tests using NiED/eNFT anodes 

In order to test the NiED/eNFT materials as a DBFC anode, both acid etching and Ni 

electrodeposition preparation procedures had to be modified because of the larger 

geometric surface area of the single cell setup: 8 cm². It was found that the current 

required to etch the surface of the Ni felt was too high (exceeding the potentiostat limit) 

making the potential-assisted etching procedure impossible. Because of this limitation, 

we applied chemical etching, but this time in concentrated strong acids in order to 

reduce the time of the treatment. The etching solution was reproduced from Ref. [189] 

and is described in the section “II.4.1.2 NiED-based anodes elaboration using Ni based 

support”. The electrodeposition step was also upscaled and consisted of 10 pulses (20 s 

each) between -0.32 and -0.57 V vs RHE in 0.1 M NiSO4 + 0.1 M (NH4)2SO4. The resulting 

surface can be observed at different magnifications on Figure V.15. Bigger agglomerates 

(around 100 nm) are now covering the whole surface of the wires composing the Ni felt 

(Figure V.15b, d) and thicker agglomerates are also dispersed over all the wires (Figure 

V.15a, c). CVs before and after the AE as well as after the electrodeposition are shown 

in Figure V.16.a. Large increase of the surface of metallic nickel is observed, resulting 

in an ECSA of around 1900 cm². This enhanced felt could then be tested in a DBFC and 

compared to Pt black/GDL and NiED/GDE anodes.  

The performance obtained with a commercial Pt black electrode are low, likely because 

of the low porosity and thus bad fuel management of the catalyst layer as, described by 

Olu et al. [129]. In order to make a fair comparison, a new Pt-based electrode was tested, 

where Pt nanoparticles were deposited directly in the pores of a GDL (Pt/GDL). A quick 

description of the electrode synthesis and SEM image showing its surface and the 

particle size can be found in section II.4.1.3 “Pt/GDL anode elaboration”. 
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Figure V.15. SEM images of NiED particles deposited on etched NFT (NiED/eNFT) at 
different magnifications: (a) ×2k; (b, c) ×10k; (c, f) ×100k. 

The DBFC performance of these four anodes is displayed on Figure V.16b. Because of 

the use of a commercial Nafion NRE-212 membrane in Na+ form, the resistance of the 

cell was quite high (0.65 Ω) but already smaller than with the previous carbon-supported 

anodes (≈ 0.8 Ω). Considering that the Ohmic drop can be significantly improved in the 

future by using more appropriate anion-exchange membranes, the voltage and the 

power density are represented in the Ohmic drop-corrected form.  

Overall, the same outstanding OCV of 1.2 V, observed by using NiED/GDL, is obtained 

with NiED/eNFT, while the voltage of the cell with a Pt-based anode is limited to 1 V. 

This high OCV is attributed to the metallic surface state of the Ni anode (appropriate 

for fast BOR, enabling to limit the HER). The high power density reached with a 

NiED/NFT and Pt/GDL (Figure V.16b), confirms the benefits of a DBFC anode with open 

structure. In the same way, the difference in the maximum power density between a 

non-porous Pt/C layer and an open Pt/GDL electrode is about 300 mW.cm2. Concerning 

the nickel electrodes, the use of the felt led to a large boost in the power density as well. 

We assume that this performance gain is due to combined more efficient mass-

transport, high surface area of Ni-metal and an optimized residence time of the 

intermediate species. 
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Figure V.16. (a) CV profiles at vs = 20 mV.s-1 in 1 M NaOH, T = 25°C of the preparation 
of 8 cm² electrodes for DBFC. (b) DBFC performance of the prepared electrode compared 
to NiED/GDL and Pt black/GDL from [33] and Pt/GDL,4 M NaOH + 0.5 M NaBH4, T = 60°C, 
f = 50 mL.min-1. (c) Stability measurements obtained at 1 V for the four different 
electrodes. (d) Hydrogen escaping (%) during DBFC test measured using a H2 pump 
connected to the outlet of the cell. Reprinted from [391]. 

A 20-hour measurement performed at 1 V (where no current can be obtained with Pt 

electrodes) on the NiED/eNFT has shown (Figure V.16c), again, a non-negligible and 

higher current density than on NiED/GDL (respectively 23 mA.cm-2 vs 11 mA.cm-2 after 

12 hours). The CA profiles obtained on the two materials are similar, suggesting a 

similar BOR behavior; the better performance can once again be attributed to the open 

architecture of the NiED/eNFT electrode and the higher amount of available metallic Ni 

sites. However, because of this similar behavior, the NiED/eNFT electrode also failed to 

valorize significant amounts of produced H2 in the same manner as NiED/GDL (Figure 

V.16d). Once again, the Pt-based electrodes quickly (for E > 0.2 V vs RHE) and near-

completely oxidize all the H2 formed during the reaction. For a given current density, 

the potential applied at the anode will be smaller for NiED/eNFT than NiED/GDL, 

meaning a smaller propensity to promote the HOR, thus allowing more H2 to escape the 

cell. The effect observed in RDE configuration, where the partially-oxidized support 

supposedly helped to avoid a current limitation at higher potential via the HOR (Figure 

V.14d), is therefore not observed with this upscaled electrode. One explanation could be 
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the difference between the amount of deposited nickel versus the amount of available 

sites of the support. In the first case, a ratio of 3.4 between the ECSA before and after 

electrodeposition is measured; this ratio is increased to 8.6 for the 8 cm² sample. This 

suggests that the beneficial effect of the support (which might be partly-oxidized and 

therefore enables HOR) might be lost, because it is masked by a too high amount of 

metallic Ni (which catalyzes BH4- oxidation but not the HOR, thus allowing H2 to 

escape).  

 

V.3 Improving the DBFC system 
 

The results obtained with the fully Ni-based NiED/eNFT anodes present the best OCV 

and power densities of all the anodes tested by our group, which already fits the main 

goal of this PhD. In order to keep improving these results and reach a performance 

suited for application in mobile devices, we must look at the other parameters of the 

cell, because no other anode catalyst has been proven more effective than metallic Ni. 

Firstly, the membrane will be considered and several options will be presented to 

improve the ion conduction in the unit cell. A preliminary study will then consider non-

noble catalysts at the cathode, giving a fully non-noble DBFC. 

 

 Integration of bipolar interfaces with Ni-based anodes 

In this section, DBFC experiments performed at the University of Washington in Saint 

Louis (Missouri, USA) will be presented. They developed a “pH-gradient enabling 

microscale bipolar interface” (PMBI) which enabled to reach impressive values when 

used at the anode of a BH4-/H2O2 DBFC, by keeping separated the drastically different 

pH of the anode and the cathode (pH = 14 and pH = 1, respectively) [151]. This bipolar 

interface is created when an anion exchange ionomer (AEI, SEBS55) is deposited on the 

anode active layer and in contact with a commercial Nafion membrane. This way, the 

ion exchange is ensured by the AEI at the anode and by the Nafion at the cathode, which 

allows it to stay in H+ form and prevent the really slow exchange of Na+ from the 

anolyte to the catholyte. This interface was proven more effective than either a CEM or 

an AEM on their own [151], and an impressive OCV of 1.8 V and a maximum power 

density of 300 mW.cm-2 were reached using PGM-based electrodes in a 5 cm² unit cell. 

The aim of my stay at Prof. Ramani’s group was to adapt this bipolar interface to the 

NiED/eNFT electrodes presented in the previous section. The details about the AEI 

deposition and the unit cell used can be found respectively in sections “II.4.1.2 NiED-

based anodes elaboration using Ni supports” and “II.4.2.2 BH4-/H2O2 DBFC setup”. 
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Figure V.17. SEM images of the SEBS/NiED/eNFT electrodes prepared via either 
spraying (S) of the ionomer solution onto the electrode (red borders) or dipping (D) of the 
anode in SEBS-55 solution (green borders) or at different magnification(×200 and ×5k). 

Deposition of the AEI layer on the DBFC anode is an essential step in the elaboration of 

a PMBI [151], the latter ensuring efficient separation of the alkaline anolyte and the acidic 

catholyte. Considering the influence of the state of the Ni surface on its BOR activity, the 

challenge was to develop a deposition procedure ensuring uniform coating, while 

maintaining the reduced (metallic) state of the NiED/eNFT anode. Several deposition 

procedures have been evaluated and compared. The spraying method (in what follows 

labelled with S) was adapted from Wang et al. [151], where it was applied to a Pd/C 

DBFC anode. After the ED of Ni NPs, the sample was dried using absorbent paper and 

then placed on a heating plate (70°C) and the SEBS55 polymer (see Refs. [151,169]) was 

sprayed directly on it; in these conditions, water is still present in the pores of the 

electrode, while chlorobenzene solvent evaporated. After the coating, the SEBS55 was 

functionalized in NMP + TMA, yielding the AEI. The SEM images of Figure V.17 (red 

frame) were acquired after DBFC measurements in which the anode was pressed against 

the membrane. The AEI layer directly in contact with the anode was therefore essentially 

removed from it when it was separated from the membrane. This explains why most of 

the outer nickel wires appears without the AEI layer, but the ionomer was most probably 

present before and during the DBFC tests. The electrodes were evaluated in DBFC 

conditions using a commercial Nafion-117® membrane and a Pt/C (1 mg.cm-2) cathode 
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for H2O2 reduction (the resulting current-voltage characteristics and the power density 

are presented on Figure V.18.).  

 

Figure V.18. Polarization (a) and power density (b) curves of the SEBS/NiED/eNFT 
electrodes prepared via either dipping (D) or spraying (S) in DBFC conditions (T = 70°C, 
anolyte: 3 M KOH + 1.5 M NaBH4, catholyte: 1.5 M H2SO4 + 15 wt.% H2O2, flow rate: 
0.4 mL.min-1.cm-2). 

The NiED/eNFT-S 1 anode reached an impressive OCV of 2.0 V (red curve in Figure V.18), 

where only 1.8 V was reached in the same conditions using Pd/C anodes [151]. This 

corresponds to the 200 mV improvement compared to PGM catalysts observed during 

the previous tests, ascribed to the use of Ni metal anodes (suggesting that the 

NiED/eNFT-S 1 anode exhibits some reduced Ni metal sites). Such high OCV values also 

confirm the effectiveness of the PMBI to maintain the pH gradient between the anode 

and the cathode, even if the layer does not cover the entire anode surface. The peak 

power density for the NiED/eNFT-S 1 sample was achieved at 1.0 V and reached 

355 mW.cm-2. One must remember that spraying was performed in air at T = 70°C, 

conditions where the surface of Ni nanoparticles might be partly-oxidized, so this 

performance is already outstanding. A second electrode was prepared in the exact 

similar conditions (NiED/eNFT-S 2) and the same OCV was reached: the state of surface 

of the anode is still metallic, in majority. However, this second test showed a very low 

peak power density (Pmax = 102 mW.cm-2 at 1.0 V). This is attributed to a non-
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reproducibility in the spraying deposition method: (i) it is almost impossible to assert 

that the sprayed AEI layer fully penetrates the whole thickness of the NiED/eNFT, 

leaving uncoated Ni fibers for which the PMBI is not well-established and the Ni-metal 

state of surface might be locally-lost, while (ii) in some cases, fibers might be surrounded 

by thick pockets of AEI, thereby increasing the Ohmic drop and preventing mass-

transfer of reactant to the Ni catalytic sites. In order to solve this issue, another method, 

namely dipping (in what follows labelled as D) was evaluated. To this end, the 

NiED/eNFT was simply dipped (at room temperature) in the solution of SEBS-55 in 

chlorobenzene after removing any excess of water (by pressing of the electrode on an 

absorbent paper) to allow solvent penetration in the NiED/eNFT pores. Then, the AEI 

layer was dried for 1 h in a vacuum oven (preventing irreversible oxidation of the 

NiED/eNFT) at T = 60°C, prior to the functionalization step. This strategy enables more 

homogeneous coating of the AEI in the whole NiED/eNFT structure and better preserves 

the metallic state of the electrode. As such, the dipping procedure resulted in 

reproducible anodes, leading to OCV values of 2.0 V and a yet higher (compared to the 

S1 electrode) peak power density of ca. 450 mW.cm-2. This confirms the importance of 

the AEI deposition procedure for the overall performance and suggests that the targeted 

metallic surface state of the NiED/eNFT-D 1 electrode was indeed achieved. This method 

resulted in a more reproducible ionomer deposition, as attested by the comparable 

performance obtained with the two electrodes prepared this way (Figure V.18), although 

the coating was not strictly homogenous on their entire surface (some areas were not 

covered by the ionomer). Moreover, this second electrode (NiED/eNFT-D 2) was stored 

in water for four days prior to the DBFC test. While exhibiting somewhat lower OCV 

(1.94 V, likely due to formation of some surface oxides on the outer Ni sites), the latter 

shows comparable overall performance (blue curve), thus confirming that the developed 

approach is fully-compatible with practical applications, where exposure to air may be 

inevitable (a result of utmost importance). 

The OCV (2.0 V) and peak power density (450 mW.cm-2) reached with the NiED/eNFT-

D anodes confirm the advantageous combination of the PMBI, the high-surface area 3D-

open structure metallic Ni catalyst and the optimized AEI deposition procedure: this 

impressive result largely surpasses that of a PGM-based cell (with the same geometry 

and operating conditions), as displayed on Figure V.19. Additional comparative values 

of peak power density and OCV with recently-published studies are listed in Table V.1, 

corroborating the unprecedented performance of BH4-/H2O2 DBFC achieved in this 

work using non-PGM anode catalysts. 
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Table V.1: Comparison of recent DBFC performance data. 

Ref 

Anode 

(loading, 

mg.cm-2) 

Cathode 

(loading, mg.cm-2) 

Separator 

(thickness, µm) 
Oxidant 

T 

(°C) 

Pmax 

(mW.cm-2) 

OCV 

(V) 

[129] Pt/C(0.5) Pt/C (2) Nafion 212 (50) O2 60 420 0.94 

[372] NiB/C (70) LaNi0.9 Ru0.1O3/C (7.5) PEM (NA.) O2 25 180 1.09 

[149] Pd/C (0.3) Pt/C (0.3) Nafion 117 (183) H2O2 25 211 1.72 

[149] Pt/C (0.3) Pt/C (0.3) Nafion 117 (183) H2O2 25 275 1.67 

[291]/ This 

work 
NiED/C (0.6) Pt/C (2) Nafion 212 (50) O2 60 108 1.21 

[391] Pt/C (0.16) Pt/C (2) Nafion 212 (50) O2 60 194 1.01 

[391]/This 

work 
NiED/eNFT (1.2) Pt/C (2) Nafion 212 (50) O2 60 180 1.24 

[151] Pd/C(1)+Ni Pt/C (1) Bipolar Interface (175) H2O2 70 300 1.80 

This work NiED/eNFT-D (0.7) Pt/C (1) Bipolar Interface (175) H2O2 70 446 2.0 

The improvement of 200 mV on the OCV by using Ni electrodes (in their metallic state 

of surface) over Pt or Pd is clearly observed with either O2 or H2O2 oxidant. Ni-based 

anodes perform better at high cell voltage in both conditions, and similarly (within the 

error bar) as Pt anodes combined with a CEM and O2 at the cathode at lower cell voltage. 

In addition, the power density drops more abruptly at high current density with Pt/C 

than with NiED/eNFT, which can be associated with more efficient mass-transport in 

the open porosity 3D-structured NFT support than in the more closed GDL porosity. 

Regarding the PMBI + H2O2 results, polarization curves for NiED/eNFT-D and Pd/C are 

rather parallel, signing the overall better catalytic performance of NiED/eNFT versus 

Pd/C (all other limitations, e.g. related to Ohmic drop and mass-transfer, being 

identical). The slope of the polarization curves for the PMBI cells is however steeper in 

these conditions. This is explained by the use of a significantly thicker (175 µm) Nafion-

117 membrane than the one used during the O2 tests (Nafion-212, 50 µm). While using 

thinner CEM would lower the cell resistance and therefore improve its performance, it 

could lead to larger risks of membrane perforation and of mixing of the strongly-

reducing alkaline anolyte with a strongly-oxidizing acidic catholyte, adversely-affecting 

the durability of the cell. 
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Figure V.19. DBFC performance of NiED/eNFT anodes compared to PGM ones using 
PMBI (Dipping deposition) and H2O2 oxidant at T = 70°C (full symbols) or CEM and O2 at 
T = 60°C (hollow symbols). Commercial Pt/C electrodes (1 mg.cm-2) are used at the 
cathodes in all configurations. Pd/C data was reproduced from Ref.[151] with permission 
from Nature-Springer and CEM+O2 data was reproduced from Ref.[391]. 

 

 Towards efficient anion exchange DBFCs 

The last experiments presented in this manuscript will be a preliminary study on BH4-

/O2 DBFC operating using AEM, which enables the use of non-noble cathode catalysts. 

Using these simultaneously with Ni-based anodes creates fully non-noble systems, 

which is a great advancement towards our aim to reduce our dependence to PGM 

catalysts. AEM are used since several years at the lab scale [156,168,169,400–402] but 

massive progress has been made recently allowing AEMFC to reach high power density 

[170,403] (> 1-2 W.cm-2) which led to an important development of commercially 

available membranes. Commercial Xion (Xergy Inc®.) and PTFE Reinforced X37-50 

(Sustainion®) membrane, referred later as Xion and Sustainion respectively, will be 

tested in the LEMTA’s unit cell. 
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V.3.2.1 Investigating anion exchange membranes 

Besides enabling the use of non-noble cathode catalysts, employing an AEM in DBFC 

would also theoretically reduce the overall cell resistance, especially at low temperature, 

because of its increased (OH-) conductivity compared to a Nafion membrane in Na+ 

form. It would therefore also prevent the crossing of sodium species to the cathode and 

the induced formation of NaOH crystals in its pores, which is a real drawback regarding 

the development of the DBFC in terms of fluidic management. The main drawback of 

using an AEM is that, by its nature of anion conduction, BH4- species would now be 

able to cross to the cathodic side. This means that the cathode catalyst must be tolerant 

to BH4- and still be active towards the ORR. Moreover, if this catalyst is active towards 

the BOR, the presence of borohydride at its vicinity will inevitably lower its potential 

and thus the overall cell voltage. For the first tests, the same BH4-/O2 unit cell will be 

used in similar conditions as for Figure V.16, with only the membrane replaced by either 

the Xion or Sustainion AEM. These two membranes are thin: 20 µm and 50 µm, 

respectively, so a low resistivity should be expected. They possess a similar specific 

anionic conductivity comprised between 60 and 80 mS.cm-2 (in OH- conduction form). 

It is important to mention that the Sustainion is also reinforced by PTFE mesh for a 

better structural stability, which could impact the overall performance of the 

membrane. Because of the lower thermal stability of AEMs, compared to Nafion, it is 

not possible to bind them to the cathode by hot pressing: the contact between the active 

layer and the AEM will only be assured by physical pressing once assembled in the cell. 

Using an AEM also requires to change the ionomer binder in the cathode catalyst layer, 

in order to ensure a proper ion conduction. Pt/C (2 mg.cm-2) cathodes were produced at 

LEMTA using commercial Sustainion ionomer with spray coating. 

Figure V.20 reports the performance obtained using the NiED/eNFT anode and Pt/C (2 

mg.cm-2) cathode with the two commercial AEMs. With the Xion membrane, the OCV 

decreases by ca. 0.15 V, compared to previous test using CEM (from 1.24 V to 1.10 V) 

(Figure V.20a). As explained above, this drop was expected from the use of Pt at the 

cathode: because of its ability to dissociate BH4- ions into BHad and Had adsorbates, as 

soon as some borohydride species cross the membrane, the local potential at the cathode 

decreases. What was not expected is the negative current recorded when the voltage of 

the cell is decreased to 1 V; when the voltage keeps diminishing, the current becomes 

positive. This effect could come from a non-stationary state of the membrane at the 

start of the measurements; however, the OCV is stable and this behavior is enhanced 

when the temperature is increased. One possible explanation is that some borohydride 

starts to be oxidized at the cathode at the start of the measurements, because the local 

potential is still high, enabling prevalent BOR over slow ORR at this cathode potential. 

This effect severely impacts the performance of the cell, because it artificially delays the 
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cell OCV (current can only be drawn below 0.9 V). This results in a maximum power 

density of only 90 mW.cm-2 at 60°C (Figure V.20b) and therefore a 50% loss compared 

to a conventional cell with a CEM. However, the performance at low temperature is 

rather good with 49 mW.cm-2 reached at 30°C. Similar power density was obtained with 

the CEM cell (Table V.2 in the conclusion of this chapter gathers data of all DBFC 

configurations presented for an easier comparison), which is already a good result 

considering the negative current effect observed. The cell resistance was measured at 

60°C to be 1.25 Ω.cm², which is two times higher than the CEM cells (0.65 Ω.cm²). This 

high resistivity can be explained by the bad contact between the membrane and the 

cathode or a bad ion conduction between the Xion polymer of the membrane and the 

Sustainion of the catalysts binder. 

 

Figure V.20.(a, c) I-U curves and (b, d) I-P curves of DBFC using NiED/eNFT anodes and 
Pt/C (1 mg.cm-2, Sustainion binder) cathodes in alkaline conditions. Performance obtained 
using (a, b) a commercial Xion AEM and (c, d) a commercial Sustainion AEM. 

Regarding the results obtained using the Sustainion AEM (Figure V.20c, d), the OCV is 

lowered to 0.9 V. Compared to the Xion AEM, both the OCV and Pmax are lower, which 

probably means that this AEM allows more BH4- to cross to the cathode. This was 

unexpected since the Sustainion AEM is thicker. The effect of negative current at 1 V is 

however not observed using this membrane. If more BH4- is present at the cathode it 

should be exacerbated. The explanation given regarding the BOR occurring at cathode 

at high voltage is thus probably not valid, and it must be associated with the Xion AEM. 
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It is possible that an effect similar to fuel starvation occurs resulting in a behavior 

reversal in certain region of the cathode [404]. It should be possible to confirm this effect 

by performing ascending I-V measurements: no negative current should be measured 

around 1 V on the backward scan (but this has not been done during these tests). 

Regarding the behavior of the cell at lower cell voltage, reasonable power density is 

obtained at 30°C (Pmax = 56 mW.cm-2). However, it is strongly limited once the 

temperature is increased higher than 40°C and almost no improvement is observed 

between 50 and 60°C. An EIS measurement was performed at 30 and 60°C and 

surprisingly the measured high frequency resistance increased from 1.24 to 2.51 Ω.cm². 

One possible explanation is that the BH4- cross-over also increases with the 

temperature, replacing OH- in the membrane and therefore increasing the resistivity. 

However, the OCV is stable for all temperature where it should decrease if more BH4- 

crosses to the cathode. Overall, a power density of P = 86 mW.cm-2 is reached at 60°C 

(and therefore also at 50°C), which is comparable to the Xion results but with an 0.2 V 

lower OCV. Since the normal operation of the cell using the latter membrane is delayed, 

this result is coherent.  

V.3.2.2 DBFC tests using only non-noble catalysts 

In this section, the same AEMs will be used but this time using non-noble Fe-N-C 

cathode catalysts provided by the group of Prof. Jaouen (Institut Charles Gerhardt 

Montpellier, Université de Montpellier). These materials were proven good ORR 

catalysts [379,405,406] and recently quite tolerant to BH4- [382]. Their synthesis is 

detailed in Ref [405]. The first results obtained in DBFC with these cathode catalysts are 

presented on Figure V21. Once again, an OCV of 1.1 V is obtained by using a Xion 

membrane and Fe-N-C cathode (Figure V.21a, b). To avoid the negative current effect 

observed on the previous measurement using this membrane (Figure V.20a) the 

potential was directly decreased to 0.9V after the OCV. This time, an impressive power 

density of 78 mW.cm-2 at 0.5 V was reached at 30°C without negative current. By looking 

at the shape of the power-density curve, one could expect it to keep increasing as at this 

voltage the slope is still positive. At low cell voltage (0.3 V and also 0.4 V at 30°C) the 

current drops significantly resulting in polarization and power curves with “hook 

shapes”. However, the increase of temperature seems to limit this effect and it 

disappears at 60°C. Looking at the local potential of the electrodes (Figure V.21a), that 

at the cathode drops where it is stable at the anode (except for 30°C). Thus, this current 

drop must be due to the use the Fe-N-C catalyst. One explanation for these “hook 

shapes” is the oxidation of the cathode catalysts via the formation of H2O2 (HO2-). This 

oxidized catalyst being less active towards the ORR, the currents drop. After each 

increase of temperature, the performances are back to the initial state, which can be due 

to reduction of the formed oxides thanks to BH4- crossing at the cathode. By looking 
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closely at the data, the OCV slightly decreases at each measurement (from 1.11 V at T 

= 30°C to 1.06 V at T = 60°C), which could indicate some irreversible degradation every 

time the cell voltage is lowered too much. The kinetics of reactions did not really 

increase either with the temperature, where it was the case when a Pt/C cathode was 

used with this membrane (Figure V.20a, b). It could indicate that the cathode is strongly 

limiting the cell. Despite these oxidation effects, a reasonable power density of 101 

mW.cm-2 is reached with this fully non-noble cell, which is better than the results 

obtained using AEMs and a Pt/C cathode.  

 

Figure V.21. (a, c) I-U curves with cathode (dotted lines) and anode (dash lines) 
potentials measured using an in situ H2 reference and (b, d) I-P curves of DBFC using 
NiED/eNFT anodes and Fe-N-C (Sustainion binder) cathodes in alkaline conditions. 
Performance obtained using (a, b) a commercial Xion AEM and (c, d) a commercial 
Sustainion AEM. 

The same test was reproduced but with the Sustainion membrane (Figure V.21c, d) and 

a similar OCV of 1.08 V was obtained. This already indicates that the Fe-N-C catalyst is 

better suited than Pt/C for the DBFC cathode if an AEM is used (the OCV dropped to 

0.9 V with Pt/C, Figure V.20c) and confirms that it is quite tolerant to borohydride even 

in large amounts [382]. Unfortunately, a hardware error occurred during the test which 

stopped the measurement at 40°C. Since the amounts of cathode catalyst available were 

limited, it was not possible to reproduce it. However, some interesting results can still 

be observed for these two temperatures. First of all, the same “hook” effect is observed, 
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which confirms that it really originated from the Fe-N-C catalyst. Besides it also is 

limited at higher temperature, as the 40°C curve suggest: the current does not drop at 

0.4 V anymore. A maximum power density of 69 mW.cm-2 is reached, which is slightly 

lower than with the Xion membrane but is again higher than for a Pt/C cathode, while 

using the same membrane.  

Overall, promising results were obtained using commercial AEMs in the unit DBFC. 

They could still be largely improved, since the results presented here are only 

preliminary. Better knowledge of the behavior of commercial AEMs should be acquired 

in order to solve the issues encountered when they are used. Moreover, we think the 

performance acquired during this campaign were mainly limited by the interface 

between the membrane and the catalyst layer, where the ion conduction between the 

membrane and the catalytic layer was only ensured by cell-assembling pressure. One 

option to ward off this issue would be to deposit the catalyst layer directly on the 

membrane to obtain a CCM. That way, the ion conduction should be greatly increased. 

Besides, better performing AEMs from J. Varcoe’s group (University of Surrey, Great 

Britain) should be tested in DBFC in a near future. 

V.4 Conclusions 
 

To conclude this chapter, the electrodeposition method to acquire highly active metallic 

Ni nanoparticle presented in Chapter IV was successfully adapted to reproducibly 

prepared electrode of larger surfaces. The procedure was adapted to enable a control on 

the loading of Ni deposited on the carbon support, resulting in two typical electrodes 

with respectively a low (0.6 mg.cm-2) and high (3.6 mg.cm-2) loading with their distinct 

Ni agglomerates morphology. The choice of performing the ED directly in the pores of 

a GDL (without a micro-porous layer) was made to simplify the procedure and allow 

NPs to be deposited in the deeper layer of the support. These electrodes were tested in 

unit (8 cm²) DBFC cell and presented impressive results, such as a really high OCV of 

1.21 V and a peak power density of 121 mW.cm-2 at 0.5 V and 60°C, largely surpassing 

those of a commercial Pt black anode. Table V.2 compiles the performance of each BH4-

/O2 DBFC configuration presented in this chapter. The only aspect not in favor of the 

NiED/GDE is the amount of hydrogen escaping the cell during operation. Indeed, in 

Chapter 4 it was presented that metallic Ni was a bad HER/HOR catalyst and this was 

actually one of the reasons for its outstanding BOR activity at low potential. 

Unfortunately, it translates in poor H2 valorization in a DBFC resulting in loss of 

potential efficiency.  
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Table V.2: Comparison of all BH4
-/O2 DBFC configurations presented in this Chapter. 

The binder used in each cathode is specified in brackets with the following abbreviations 
code: Nafion (Naf); Sustainion (Sust); Fumasep (Fum). / symbol specify missing data due 
to technical errors. 

Cell configuration (A//M//C) OCV (V) 

Pmax 

(mW.cm-2) 

@30°C 

Pmax 

(mW.cm-2) 

@60°C 

% H2 

escape 
(0.3V, 60°C) 

RHF @60°C 

(Ω.cm²) 

Pt/C//Nafion//Pt/C(Naf) 1.00 42 68 3 0.90 

Pt/GDL//Nafion// Pt/C(Naf) 1.05 53 195 1 0.86 

NiED/GDE//Nafion// Pt/C(Naf) 1.21 50 121 30 0.85 

NiED/eNFT//Nafion// Pt/C(Naf) 1.24 54 180 50 0.65 

NiED/eNFT //Xion// Pt(Sust) 1.10 50 90 49 1.25 

NiED/eNFT //Sustainion// 

Pt/C(Sust) 
0.96 56 82 55 2.5 

NiED/eNFT //Xion// Fe-N-C(Fum) 1.10 41.3 37 54 0.71 

NiED/eNFT //Xion// Fe-N-C(Sust) 1.11 78 101 51 0.86 

NiED/eNFT //Sustainion//  

Fe-N-C(Sust) 
1.08 69 / / 

1.09> 

@40°C 

Because no other anode catalyst present better activity than metallic Ni to this day, the 

only way to increase the performance of the cell was to improve its other parameters. 

The first modification was to replace the carbon support by a more open one to improve 

the fuel management in the electrode as demonstrated by Olu et al. [129]. To improve 

the overall performance of the anode, 3D Ni structure such as nickel foam or felt were 

investigated. They quickly demonstrated to be poor candidate as the Ni nanoparticles 

supports if used in their pristine state, mainly because of their native oxidized state of 

surface. To address this issue, surface treatment such as acid etchings were performed 

to obtain rougher and more metallic surfaces. The Ni foam properties did not improve 

enough to be used as anode catalyst support, thus only the felt was considered. Once 

the electrodeposition procedure adapted to this new support, the fully Ni-based anodes 

presented the best BOR activity so far. The procedure to obtain such surface and the 

improvement link to each step is summarized on Figure V.22. 
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Figure V.22. Evolution of the morphology, electrochemical surface area (ECSA), and 
BOR activity of the NFT following consecutive steps of the electrode elaboration process. 
The oxidation state and the amount of active site is tuned through a two-steps process: 
(i) an acid etching of the initial NFT to reveal metallic sites and increase the roughness 
(ii) and an electrodeposition of Ni NPs to highly increase the number of active sites and 
the BOR activity as observed on both voltammograms in (A) supporting electrolyte (1 M 
NaOH) and (B) BOR conditions (1 M NaOH + 50 mM NaBH4). CV conditions: Ar-
saturated solutions, T = 20°C, vs = 20 mV.s-1, ω = 1600 rpm 

Pt nanoparticles were deposited is the pores of the supporting GDL to create a more 

open Pt-based anode and make a fairer comparison. These two electrodes were tested 

in the unit DBFC cell and again the Ni-based electrode presented the best OCV (1.24 V) 

and comparable power density. The resistivity of the cell significantly decreased by 

using the fully metallic anode; however, it also resulted in a more important hydrogen 

escape of 50%. This important value actually fits well the 4 electrons produced per BH4- 

oxidized proposed by our tentative model described in Chapter IV. This loss of H2 will 

be measured similar every time a NiED/eNFT anode will be used. 

To keep improving the DBFC, the membrane and cathode were optimized. Indeed, using 

a state-of-the-art Nafion CEM in presence of alkaline solution shifts its “normal” H+ 

conduction to Na+ conduction. This greatly diminishes the conductivity of the 

membrane. To avoid such ion exchange, a bipolar interface was tested in a BH4-/H2O2 



CHAPTER V: Integration and optimization of Ni electrodes for DBFC 

 

217 
 

unit cell. The procedure to deposit the AEI on the anode catalyst was adapted to the 

fully Ni-based anodes and impressive performance was obtained in DBFC conditions: 

an OCV of 2.0 V and a peak power density of 446 mW.cm-2 were reached surpassing the 

already impressive results obtained using a Pd-based anode in the same conditions. 

Lastly, commercial AEMs were tested in the BH4-/O2 cell. The preliminary results 

obtained are promising especially using non-noble cathode catalysts for the ORR 

making the cell completely PGM-free. However, a better understanding of the AEMs 

and these materials is required to maximize the impressive potential of such unit cell. 
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The general problematics of this thesis, driven by the MobiDiC project, were all 

connected to two main objectives: to understand the BOR in DBFC conditions and 

develop efficient and low-cost anodes. To complete this global task, the problematic was 

divided in three chapters presenting the results of this work: (i) the first one (Chapter 

III) was dedicated to the understanding of the BOR mechanism on noble electrodes in 

FC operation conditions; (ii) then (Chapter IV)  the focus was put on replacing such 

noble materials by non-noble Ni-based electrocatalysts and provide a preliminary 

explanation of the reaction behavior on such surfaces; (iii) the final chapter (Chapter V) 

aimed to develop efficient DBFC anodes using the Ni-based materials developed 

previously and compare their performance to state of the art Pt-based anodes. 

 Conclusions on Chapter III 

At first, the BOR model proposed by Olu in his thesis (2015) was updated using the 

mechanistic studies performed at high borohydride concentrations for Pt surfaces. The 

reaction behavior for Au electrode was also included in this model since it was revealed 

that they behave in a similar manner once Pt is strongly poisoned. If the number of 

active site is too low compared to the borohydride concentration, the surface of Pt will 

be covered by stable BHad species forcing the reaction to switch from a “fully 

dissociative pathway” (occurring via BHad) to a less efficient “partially dissociative 

pathway” (proceeding via BH3,ad). Indeed, the BH3,ad intermediate species formed during 

this second mechanism are less stable and result in a faradic efficiency loss from their 

desorption into BH3OH- or dissociation into BHad. The formation of surface oxide is 

required to regenerate the surface from this poison but should not be performed in FC 

configuration to avoid huge degradation of the cathode. Regarding gold, its inefficiency 

towards the BOR at low potentials was explained by the fact that the only possible 

reaction mechanism is the “partially dissociative pathway”, resulting in the same BH3,ad 

desorption as on ‘poisoned’ Pt. In addition, because of the weak H adsorption on Au 

and its poor HOR activity, the dissociation of these BH3,ad species into BHad and 2Had 

followed by ionization of the latter in a Volmer step is not possible, leading to their 

dehydrogenation into BHad releasing one H2 molecule and decreasing even more the 

efficiency of the reaction with two additional electrons lost.  

Lastly, Pd model electrodes were studied to unveil the behavior of these electrocatalyst 

towards the BOR. In addition to being poisoned by intermediate species, like Pt and Au, 

the structure of the electrode itself was demonstrated to be modified in presence of 

borohydride. The two considered possibilities were the formation of either PdB or PdH. 

The first experimental clues tend to favor the formation of palladium hydride that will, 

contrary to expectations, be desorbed only at high potential, once the boron-based 

adsorbates are stripped from the surface. This results in a BOR behavior significantly 

different from the one predicted by DFT calculations on model Pd surfaces. However, if 
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this hypothesis is correct, the electrode surface is in reality composed of PdH and these 

calculations cannot be used and must be rectified considering the PdH structure of the 

electrode. Preliminary in situ XRD measurements performed with synchrotron 

radiation at ESRF in July 2020 tend to confirm this hydride formation and exclude the 

presence of (crystalline) PdB.  

 Conclusions on Chapter IV 

Even if Pd-based anodes exhibit comparable (or even higher) performance to Pt-based 

ones in DBFC configuration, it is debatable to consider them as good substitute 

considering the 2020 market prices: Pd is now more expensive than Pt. Furthermore, 

huge instabilities of PGM nanoparticles supported on carbon substrates were reported 

in alkaline medium, with drastic particle detachment even after stability test under mild 

conditions. These two factors highly motivated us to consider non-noble materials as 

BOR electrocatalysts. Amongst all transition metals available, Ni appeared the most 

promising. However, its catalytic activity towards this reaction was highly debated in 

the scientific community. Some studies reported significantly low onset potentials and 

decent charge-transfer kinetics while others pointed to an overall inactivity of Ni 

towards the BOR. Compared to previously studied noble metals, a new factor must now 

be considered for non-noble catalysts elaboration: the oxidation state of its surface.  

Indeed, Oshchepkov demonstrated during his thesis that such state of surface will 

greatly affect the electrochemical behavior of Ni electrodes towards the hydrogen 

reactions: metallic surfaces present a really poor activity for both the HER/HOR, but 

when it is partially oxidized (covered by the surface oxide islands) this activity is 

drastically enhanced. Completely oxidizing the surface however results in decreasing 

the charge transfer kinetics. Such oxide formation on Ni is moreover electrochemically 

irreversible and the potential applied to the electrode must thus be precisely controlled 

at all times. By applying this knowledge to the BOR, metallic Ni electrode revealed 

impressive onset potentials (down to E = -0.250 mV vs RHE) and the best charge-transfer 

kinetic recorded, to the authors knowledge, for potentials below E = 0 V vs RHE. 

Bimetallic NixM nanoparticles deposited on carbon support were investigated to 

observe if alloying Ni with other elements would ease its depassivation to reach this 

pursued metallic state. However, it appeared that Ni-based electrocatalysts synthesized 

by standard chemical/thermal procedures are irreversibly oxidized so only a state 

comparable to the partially oxidized Ni electrode is attainable. 

 Electrodeposition of Ni nanoparticles (NiED) was therefore chosen to elaborate highly 

developed surface area electrode. The resulting surfaces surpassed the activity of Pt at 

low potential. However, the BOR appeared limited at a faradic efficiency of 50% (4 

electrons instead of 8 released). Mechanistic studies as well as computational 
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calculations (DFT + microkinetic modelling) allowed to draw a preliminary model for 

the BOR on metallic Ni. Because of the strong adsorption of Had species, the BOR on Ni 

can start at low potential; however, 2 molecules of H2 are released per BH4- species 

oxidized, explaining the 50% efficiency and the observation made by Indig and Snyder 

in the first study reported on the BOR (using a Ni electrode): “The gassing rate increased 

with the electrochemical oxidation, and at a rate of 775 mA.cm-2 much hydrogen was 

evolved. This indicated that hydrogen was formed as a product of the electrochemical 

oxidation.”. 

 Conclusions on Chapter V 

Finally, these NiED electrocatalysts were used to elaborate low cost anode by adapting 

the electrodeposition procedure to a larger scale. To simplify it, no microporous layer 

was used and the particles were directly deposited in the pores of the diffusion layer. 

This resulted in higher performance in a DBFC configuration than for a commercial Pt 

black electrode, both in terms of OCV and power density. To further increase this 

performance, Ni 3D structures were investigated to substitute the carbon paper as 

electrocatalyst support. They present the advantages of a more open structure (better 

mass-transport conditions), which was demonstrated by Olu to be one of the key factors 

to increase DBFC performance, a better conductivity, and being also active for the BOR. 

After etching treatments to optimize their state of surface, such structures were used to 

produce fully Ni-based anodes with improved power density compared to the first 

Ni/GDE ones.  

From this point, such anodes were tested in various DBFC configurations: (i) a H2O2 

DBFC unit cell with a bipolar interface, which leads to an impressive OCV of 2.0 V and 

a peak power density 50% higher than a Pd-based anode in similar conditions; (ii) The 

same O2 DBFC unit cell used for the first test was used but with commercial AEMs 

instead of the standard Nafion membrane. Both commercial Pt black and Fe-N-C (made 

by Prof. Jaouen’s group) were tested at the cathode. In such conditions, the non-noble 

cathode proved more effective than the Pt one, because of its higher tolerance to BH4- 

species crossing the membrane. These preliminary tests did not fully meet our 

expectations, especially because of the high cell resistance measured (where the use of 

AEM should help to decrease it), but were also encouraging, especially for low 

temperature applications, with a peak power density of almost P = 80 mW.cm-2 reached 

at T = 30°C. 

 Perspectives for the development of DBFCs 

Overall, the problematics of the thesis were well answered by these three main sections. 

However, they also raised some questions and obviously did not address all the different 

aspects of the studied BOR mechanism. First, the BOR mechanism on Pd needs 
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additional studies in order to be fully understood: the formation of hydride must be 

confirmed by several characterization methods and the proposed mechanism should be 

corroborated by DFT calculations performed for a PdH surface. However, such 

calculations are probably complex and will require much efforts because this structure 

is not as well defined as the Pd (1 1 1) single crystal one usually considered. Moreover, 

since the Pd electrode serves as a hydride reservoir, the PdH composition itself will vary 

during the BOR. 

This task might however fall behind, because of the emergence of metallic Ni 

electrocatalysts and their impressive activity towards the BOR. Indeed, the novelty and 

performance of such materials will most probably drive the focus of mechanistic studies 

to them. The mechanism proposed in this manuscript was literally the first one 

established and it should therefore be further modified and updated towards elementary 

steps, that could fit better the experimental data. In the same manner as for Pd, in situ 

XRD synchrotron measurements are considered by our group to investigate the 

variation of the Ni electrode structure and surface composition during the reaction.  

Regarding the development of DBFC, to the point of view of the author, the fully Ni-

based anode is no longer the limiting piece of the system and the focus should be turned 

to the other parameters of the cell. The preliminary tests using AEMs should be pursued, 

since such membranes are being improved at a really fast pace (last year almost no 

commercial AEM were available). Moreover, the very high performance reached 

recently with AFC systems should also encourage DBFC users to adapt such 

membranes. The cathode material should also be considered and optimized. Overall, the 

reactant transport was recently demonstrated by Prof. Ramani’s group to be a major 

factor for performance optimization in a DBFC and a particular attention should be 

given to this aspect. Overall, with these promising results and the development of 

materials suitable for a DBFC, the author strongly believes that a highly efficient, fully 

non-noble system will be obtained in a near future.  
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Résumé La pile à combustible directe à borohydrure (DBFC en anglais) est une technologie 
de pile à combustible prometteuse pour les applications portables et mobiles. 
L’utilisation de borohydrure de sodium (NaBH4) sous forme de poudre comme 
substitut à l’hydrogène gazeux (dans une PEMFC) présente des avantages pour le 
stockage du combustible et la sécurité du système. Une fois dilué dans une solution 
alcaline, une importante quantité d’énergie peut être obtenue via la réaction 
d’oxydation des borohydrures (BOR). Cependant, cette réaction est très complexe 
et met en jeu de nombreux intermédiaires et chemins réactionnels en fonction de 
l’électrocatalyseur utilisé. De plus, elle est très peu connue et est le plus souvent 
étudiée sur des électrocatalyseurs à base de métaux nobles : les métaux du Groupe 
du platine (PGM). Puisque le combustible est utilisé en milieu alcalin, il est possible 
de remplacer ces PGMs par des métaux non-nobles pour catalyser la réaction. Les 
objectifs principaux de cette thèse, qui s’inscrit dans le cadre du projet MobiDiC 
financé par l’Agence Nationale de Recherche (ANR), sont multiples. (i) Etudier les 
mécanismes de la BOR sur des électrocatalyseurs PGMs, en particulier dans des 
conditions de fonctionnement de DBFC (grande concentrations de borohydrures) : 
une attention particulière est apportée au palladium car le mécanisme de la réaction 
est très peu connu sur ce métal. (ii) Trouver un métal non-noble actif pour la BOR. 
(iii) Développer des anodes de DBFC peu couteuses avec une architecture optimisée 
pour maximiser leur efficacité pour le BOR. 

Les résultats regroupés dans ce manuscrit mettent en évidence l’empoisonnent de 
la surface des électrocatalyseurs PGM par des espèces réactionnelles 
intermédiaires, ce qui diminue grandement l’efficacité de la réaction, notamment à 
cause de cinétiques de transfert de charge plus lentes. La formation d’hydrures de 
palladium est manifeste en présence de borohydrures et modifie le chemin 
réactionnel de la BOR. Dans un second temps, des nanoparticules de nickel, 
obtenues par électrodéposition, ont démontré des performances très intéressantes 
pour la BOR ; cependant leur état d’oxydation doit être très précisément contrôlé et 
maintenu métallique. Des anodes de DBFC utilisant ces électrocatalyseurs non-
nobles ont été développées ; sur support carbone, elles présentent des 
performances comparables à celles d’une anode à base de Pt. Dans le but 
d’optimiser leur activité, le support en carbone de ces anodes a finalement été 
remplacé par une structure 3D de Ni, qui permet d’obtenir des performances 
meilleures encore. 

Mots clés : DBFC, Borohydrures, PGM, Non-noble, Nickel 

 

Abstract 
Direct Borohydride Fuel Cell (DBFC) is a promising alkaline fuel cell technology for 
portable and mobile applications. The use of solid sodium borohydride powder 
(NaBH4) as a substitute fuel to gaseous hydrogen (in a PEMFC) is advantageous in 
terms of storage and safety concerns. Once diluted in a strong alkaline solution, it is 
possible to electro-oxidize it through the Borohydride Oxidation Reaction (BOR) 
which presents interesting properties in terms of energy generation. However, this 
anodic reaction is really complex and involves several intermediate species and 
reaction pathways. Moreover, in the pas it has been mainly investigated in laboratory 
conditions and using Platinum Group Metals (PGM) electrocatalysts. Meanwhile, 
since the BOR occurs in alkaline media it is possible to use non-noble materials to 
catalyse this reaction. The main objectives of this PhD, falling within the MobiDiC 
project funded by the French National Research Agency (ANR), are therefore (i) to 
explore the effect of the borohydride concentration on the reaction kinetics on the 
noble catalysts and particularly on palladium (since the mechanism of the BOR is 
poorly known on this metal), (ii) to find a non-noble material active towards the BOR 
and (iii) to develop low-cost DBFC anode with an optimized architecture to maximize 
its efficiency towards the BOR. 

The results presented in this manuscript highlight the important poisoning of the PGM 
catalysts surface by intermediate species, which results in significant BOR efficiency 
loss mainly owing to slower charge transfer kinetics. Palladium hydrides were 
demonstrated to form in presence of borohydride, modifying the pathway of the 
reaction. In a second time, nickel nanoparticles, obtained by electrodeposition, were 
proven as performing non-noble catalysts only if their state of surface is precisely 
controlled and maintained metallic. DBFC performance matching the one using Pt-
based anode was obtained with this Ni-based electrocatalysts supported on carbon 
paper. From this point, the anode support was replaced by Ni 3D structure and 
optimized to reach higher performance. 

Keywords: DBFC, Borohydride, PGM, Non-noble, Nickel 

 

 


