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General introduction 
 

At a time where the energetic transition is at the core of political discussions, the development 

of new systems of energy production is more than ever essential. Indeed, this would enable to 

decrease the greenhouse gases emissions linked to fossil fuel combustion and to limit global 

warming and the subsequent climatic crisis. To that goal, the main strategy currently considered 

by the scientific community is to use renewable energies (via wind turbines and solar panels), 

and to store the generated electricity in, for example, batteries. Such storage is to mitigate the 

intermittent characteristic of renewable energies; however, batteries are limited by their 

intrinsic low specific energy. So, power-to-hydrogen via water electrolyzers, and then 

on-demand consumption of hydrogen in fuel cells could be an alternative. The most developed 

fuel cell to date is the proton-exchange membrane fuel cell (PEMFC). The widespread 

commercialization of such system for mobile devices is mostly hindered by hydrogen transport 

and storage issues. In parallel to hydrogen, other fuels were studied, such as sodium 

borohydride, which can feed the so-called direct borohydride fuel cell (DBFC). Being stored and 

transported in its liquid or solid form, this fuel enables to avoid the issues linked to hydrogen 

gas storage and transportation; but above all, sodium borohydride offers to the DBFC very 

interesting thermodynamic and energetic properties: high theoretical cell voltage, high 

theoretical specific energy and high number of mole of electrons (8) exchanged per mole of fuel. 

To date, the main impediment to the DBFC development is the complexity of the anodic 

reaction, the borohydride oxidation reaction (BOR). This reaction is misunderstood and 

poorly-efficient on most electrocatalysts (most of them are in the form of metal nanoparticles 

supported on carbon black) in DBFC operating conditions (i.e. high concentration and high 

temperature), due to side reactions, such as the borohydride hydrolysis and the hydrogen 

evolution reaction (at low potential), both leading to the production and eventually escape of 

hydrogen. 

In addition, recent studies reported the aggressiveness of the alkaline medium on the durability 

of conventional carbon-supported electrocatalysts, revealing a large loss of the active catalytic 

surface, mainly due to the detachment of nanoparticles from the carbon support. However, 

fundamental insights on the origin of this particles detachment are still unclear. 

Therefore, this PhD work was motivated by several questions: 

 How do high fuel concentration and high temperature impact the BOR on carbon-

supported Pd-based electrocatalysts? 
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 How the design of electrode architecture can impact the BOR efficiency and boost the 

subsequent DBFC performances? 

 What is the origin of the particles detachment that occurs during a mild accelerated 

stress test on carbon-supported Pt electrocatalysts in liquid alkaline media? 

To find answer to those questions, this PhD project was carried out in close collaboration with 

the group of Dr. Karen Swider-Lyons, from the U.S. Naval Research Laboratory (Washington DC, 

USA), who have good skills and knowledge in membrane-electrode assemblies, porous 

electrode, and the characterization of fuel cells, while LEPMI team and especially Pr. Marian 

Chatenet, has studied the kinetics and mechanism of the BOR extensively, for over a decade. 

Therefore, this project was a good opportunity to combine NRL and LEPMI expertise to explore 

the complex BOR. 

The results obtained are presented in this manuscript, which is composed of four chapters: 

 Chapter I presents the energetic context and a DBFC overview. Specifically, the 

operating principle of the DBFC and technological issues are given, as well as the 

production routes of sodium borohydride, the recent advances and remaining 

challenges regarding the anodic and cathodic electrocatalysts and the membrane in 

such systems; in addition, stability issues and degradation mechanisms in alkaline fuel 

cell are also presented; 

 Chapter II deals with a thorough characterization of several carbon-supported Pd-based 

electrocatalysts for the BOR in DBFC operation conditions; the influence of several 

parameters on the BOR kinetics are surveyed, such as the Pd sites density, the presence 

of ceria and the catalytic layer thickness; in addition, BOR activity markers are proposed; 

 Chapter III focuses on the study of the impact of five design of anodic catalytic layers on 

the BOR efficiency, based on carbon–supported Pt and Pd electrocatalysts, first using a 

fundamental approach and then using a unit DBFC; 

 Finally, chapter IV deals with the investigation of the origin of the particles detachment 

occurring during the degradation of carbon-supported PGM electrocatalysts, using 

mostly in situ Fourier transform infrared spectroscopy and identical-location 

transmission electron microscopy. 
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I.1 Global warming: the need for an energetic transition 

I.1.1 Humankind, energy and environmental consequences 

Like any living beings on Earth, humans cannot live without energy. Since the dawn of times, 

humans need energy mainly for eating, heating and traveling, and the evolution of human 

societies is very closely linked to the discovery of the different sources of energy. If the first 

humans could only rely on their own muscles’ strength, they later learned to use other primary 

sources of energy such as wind, water, sun, wood, coal, oil, gas, elements from earth’s crust and 

nuclear energy. Since then, energy needs have continued to increase in order to meet the needs 

and desires of a growing and increasingly demanding world population in terms of living 

comfort: the world population was estimated at 7.55 billion on July 1st 2017, compared to about 

300 million a thousand years ago [1]. As a result, the Earth’s resources have been exploited 

without limits. 

In 2015, the estimation of the world Total Final Consumption (TFC, corresponding to the total 

energy consumed by end users) was 9 384 million tons of oil equivalent (Mtoe, 1 toe = 107 kcal) 

and 41% was provided by oil: this is twice as the world TFC estimated in 1973 [2]. Obviously, this 

(excessive) consumption of resources and energy has harmful consequences for human beings 

and the environment: global warming (due to greenhouse gases emissions, and especially 

carbon dioxide and methane), atmospheric pollution, resources depletion and nuclear waste 

accumulation are the main consequences of energy-consuming societies. According to 

Figure I.1, it is interesting to note that the quantity of CO2 present in the atmosphere has 

increased significantly (by 40%) from the end of the 18th century, the date corresponding to the 

beginning of the industrial revolution, illustrating the high impact of human activities onto 

climate change. As an example, it was estimated that human activities caused approximately 

1°C of global warming above pre-industrial level, and global warming is likely to reach 1.5°C 

between 2030 and 2052 if it continues to increase at the current rate, as shown in Figure I.2. 

Such a temperature increase could have dramatic consequences, like a rise in water level, 

climate refugee’s migration movements, and massive ecosystem and wildlife extinction. 
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Figure I.1. Atmospheric CO2 concentration (in ppm) from year 1000 to year 2000 from ice core 
data [3,4] and from direct atmospheric measurements over the past few decades. Projections 
of CO2 concentrations for the period 2000 to 2100 are based on the six illustrative scenarios. 

From Ref.[5]. 

 

 

Figure I.2. Observed global temperature change and modeled responses to stylized 
anthropogenic emission and forcing pathways. From Ref.[6]. 
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Since 1972, in response to this worrying situation, international policy makers have decided to 

meet and work together (in particular during Earth Summit and Conference of Parties) in order 

to urge a sustainable development, based on annual reports written by international expert 

groups (Intergovernmental Panel on Climate Change (IPCC)) who assess the scientific, technical 

and socio-economic information, in a neutral and objective manner, in relation to climate 

change. In that framework, over the past 50 years, scientists have been encouraged to develop 

new technologies for energy production, storage and conversion that generate a minimum of 

CO2 emissions. Consequently, according to a recent report of the International Renewable 

Energy Agency (IRENA) entitled Global energy transformation: A roadmap to 2050, renewable 

energies (solar panels, wind turbines, hydroelectric power plant, geothermal power and 

biomass) enabled to supply the world electric energy needs by 25% in 2018 [7]. However, these 

types of energy production are highly dependent on meteorological conditions and need to be 

coupled with storage systems.  

In the particular case of electronic applications (digital devices or electrical vehicles), the most 

developed and used generators are batteries, and especially the lithium-ion technology. 

However, these systems are limited by their intrinsically low specific energy (below 200 Wh kg-1). 

On the contrary, fuel cells (FC) can be designed to optimize both their power (which scales to 

the electrode area) and energy (which scales to the size of the fuel tank). In that context, the 

development of fuel cells is a promising solution to address, in part, one of the most important 

challenges of the 21st century. 

I.1.2 Fuel cells overview and applications  

The principle of a FC, that convert a chemical energy into an electrical energy and heat, was first 

discovered by the Swiss scientist Christian F. Schönbein in 1839 [8] and then demonstrated at 

lab scale in 1842 with the collaboration of Sir William R. Grove [9] (they detected voltage 

between two Pt foils in presence of hydrogen and oxygen in acidified water), before the first 

“industrial” prototype of a FC was demonstrated in the 1950s by Francis T. Bacon [10]. To date, 

a wide range of fuel cells have been demonstrated (and for some of them developed), that are 

commonly organized into six families. Although each technology has its own characteristics, the 

overall operating principle and the macroscopic design remain similar. 

To generate electricity, a fuel (liquid or gas) is oxidized at the anode and an oxidant is reduced 

at the cathode. These two electrochemical reactions proceed on both sides of an ion-conducting 

but electron-insulating separator. The six families of FC are listed hereafter: the Proton Exchange 

Membrane Fuel Cell (PEMFC), the Direct Methanol Fuel Cell (DMFC; this system is often put forth 
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as a model direct fuel cell, other such systems operating with similar principles having been 

conceptualized and tested later – these will not be further described in this manuscript), the 

Phosphoric Acid Fuel Cell (PAFC), the Solid-Oxide Fuel Cell (SOFC), the Molten Carbonate Fuel 

Cell (MCFC) and the Alkaline Fuel Cell (AFC). Their overall specific features are summed up in 

Table I.1 [11,12], even if it is worth mentioning that the real systems can differ from the general 

characteristics presented below. 

 

Table I.1 Specific features of the different types of fuel cells. 

Type of 

FC 

Fuel Separator Oxidant Typical 

operating 

temperature 

(°C) 

Targeted 

applications 

PEMFC H2 
proton-conductor 

polymer 
O2  80-100 

vehicles, small 

stationary 

DMFC CH3OH 
proton-conductor 

polymer 
O2 60-90 portable 

PAFC H2 H3PO4 O2 160-220 stationary 

SOFC H2 solid ceramic O2 700-1000 stationary 

MCFC H2 
molten carbonate 

salt 
O2 620-660 stationary 

AFC H2 alkaline solution O2 60-90 
undersea vehicles, 

spacecraft 

 

Currently, even if most FC are still under development, these systems are considered either for 

small power portable devices (i.e. < 1 kW, like cell phones, laptops), transport (several kW to 

several 100 kW, for bikes, scooters, handling vehicles, cars, buses and trains) or stationary 

applications (from kW to MW range, for electricity production for industrial and domestic 

buildings, emergency electricity supply or electricity supply for isolated sites). 
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I.1.3 Hydrogen, a very popular energetic vector 

Owing to its numerous advantages, hydrogen is an excellent candidate to be a promising 

energetic vector, and this is why most of the FC technologies operate with this fuel [13]. 

Hydrogen is indeed non-toxic, its energy density is very high (33 kWh kg-1, this is 3 times more 

than liquid hydrocarbon [14]) and its combustion generates only water. However, the use of 

hydrogen faces three main issues: its production, storage and transport. 

H2 production. Today, 96% of hydrogen production comes from hydrocarbon steam reforming 

and coal gasification, generating a lot of CO2 emissions [15]. In addition, because electrode 

materials are sensitive to pollution (especially CO), the H2 used in FC must be very pure, which 

requires additional purification steps in the overall H2 production process. H2 could also be 

produced by cleaner processes, like water electrolysis. However, as of today, only 4% of H2 

production comes from water electrolysis; whereas this process enables to lower CO2 emissions 

associated to H2 production, its development is not fast due to its high costs compared to fossil 

fuel reforming [16].  

H2 storage. Hydrogen storage has been the subject of numerous studies that have led to three 

main technologies: pressurized H2, liquefied H2 or storage in solid material [13]. Due to a very 

low density (0.089 kg m-3) and boiling point (-252°C), high pressures are needed to achieve high 

storage capacities and extensive cooling is required to liquefy H2. The storage in solid material, 

through adsorption in metallic materials such as metal hydrides [17], Mg-based alloys [18], 

carbon-based materials [19], or chemical hydrides [20] have also been considered, but hydrogen 

diffusion within these materials can lead to local pressure increase, cause cracks and weaken 

the materials’ lattice. 

H2 transport. The development of a distribution network is essential to consider the deployment 

of these technologies, because the current hydrogen distribution network is very limited. 

Hydrogen can be transported in its liquid or gaseous form by trucks or pipelines, depending on 

the distance to be covered and the H2 volume to be transported. It is usually delivered to the 

consumption point (e.g. a factory) or dispensed in refilling stations. In the case of hydrogen 

station for vehicles, as an example, 82 hydrogen stations were referenced in 2015 in Europe 

[21], and their number increases fast. Besides, the region Auvergne-Rhône-Alpes could become 

the first region of hydrogen in France and in Europe, through the “Zero Emission Valley” project, 

which aim at deploying 1000 hydrogen vehicles, 20 hydrogen stations and 15 electrolyzers [22].  
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Last but not least, hydrogen is highly flammable and explosive in presence of > 4% air, and H2 

leakage is a serious problem that needs to be considered for the widespread commercialization 

of FC, which leads to a complex certification and construction for hydrogen devices. 

All the difficulties listed above regarding the use of hydrogen led the scientific community to 

consider other types of fuels. This new approach is the oxidation of a liquid fuel; historically, the 

fuel of choice was methanol in so-called direct methanol fuel cells. Then, other types of carbon-

fuels (such as ethanol, propan-1-ol, ethylene glycol, formic acid) have been suggested and 

demonstrated, firstly for acidic and then for alkaline systems. The common features of such 

direct fuel cells are their (i) low performances owing to the very complex fuel oxidation reaction 

at stake and (ii) related high catalyst consumption (to try to enhance the kinetics), the catalyst 

often being based on platinum. These strategies have therefore very little chances to become 

industrially successful (one would want high performances and low catalyst consumption). 

Other fuels are however compatible with direct fuel cells: sodium borohydride, ammonia borane 

and hydrazine borane are examples of fuels that can be valorized in alkaline fuel cells [23]. This 

PhD work focuses on the direct borohydride fuel cell (DBFC). 

I.2 The direct borohydride fuel cell 

I.2.1 Operating principle, interest and technological issues 

In a DBFC, the electricity is generated via the electrooxidation of sodium borohydride (NaBH4, in 

alkaline media) at the anode, a reaction which is ideally direct and releases 8 electrons 

(borohydride oxidation reaction, BOR, Equation I.1), and the electroreduction of oxygen (oxygen 

reduction reaction, ORR, Equation I.2) at the cathode side (in alkaline media). Hydrogen 

peroxide (H2O2) can also be used as the oxidant (hydrogen peroxide reduction reaction, HPRR, 

Equation I.3) to obtain a full liquid FC; in that case, the HPRR usually proceeds in acidic media. 

 

 

BOR: 
BH4

− + 8 OH−  → BO2
− + 6 H2O + 8 e− 

(E0 = -1.24 V vs. SHE, pH = 14) 

Equation I.1 

ORR: 
O2 + 2 H2O + 4 e−  →  4 OH− 

(E0 = 0.40 V vs. SHE, pH = 14) 

Equation I.2 
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At high pH, the standard potentials of the BOR and ORR are -1.24 V vs. the standard hydrogen 

electrode (SHE) and 0.4 V vs. SHE respectively, leading to a theoretical DBFC voltage of 1.64 V 

and the overall DBFC reaction given in Equation I.4. When hydrogen peroxide is used, the 

theoretical cell voltage is 3.01 V and the overall reaction is given in Equation I.5. However, the 

latter value will be necessarily lowered by the junction voltage (830 mV) between the anodic 

and cathodic compartments [24]. In both cases, a DBFC produces water and metaborate anion 

(BO2
-). 

 

Nota bene: in the whole manuscript, DBFC using O2 or H2O2 as oxidant will be called O2-DBFC 

and H2O2-DBFC respectively. 

 

 

Overall H2O2-DBFC 
reaction: 

BH4
− + 4 H2O2  → BO2

− + 6 H2O 

(Ucell = 3.01 V) 

Equation I.5 

 

The BOR must proceed in alkaline media due to the rapid hydrolysis of BH4
- in acidic media; this 

reaction may also be catalyzed by the electrode material, and can be partial (Equation I.6.A) or 

total (Equation I.6.A.B) [25,26]. The required alkaline nature of borohydride anolytes makes of 

the DBFC a subclass of AFC. Since the hydrolysis of BH4
-
 generates highly pure H2, the scientific 

community has also considered the use of NaBH4 as storage material for H2 generation [27] to 

be later used, for instance, in a PEMFC (this system is then called indirect borohydride fuel cell). 

 

HPRR: 
H2O2 + 2 H+ + 2 e−  →  2 H2O 

(E0 = 1.763 V vs. SHE, pH = 0) 

Equation I.3 

Overall O2-DBFC 
reaction: 
 

BH4
− + 2 O2  → BO2

− + 2 H2O 

(Ucell = 1.64 V) 

Equation I.4 

Hydrolysis of BH4
-: BH4

− + H2O → BH3OH− + H2 Equation I.6.A 

 BH3OH− +  H2O → BO2
− + 3 H2 Equation I.6.B 
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Like for most fuel cells, the core of the elementary cell of a DBFC is composed of five 

components, usually assembled in multiple layers, as illustrated in Figure I.3: 

 two catalytic layers (CLs), which are the sites of the electrochemical reactions that 

proceed at appropriate electrocatalyst surface; several types of materials have been 

studied as electrocatalysts (mainly noble and non-noble metal nanoparticles (NPs) 

supported on high surface area carbon (HSAC)) and this will be developed in section 

I.2.3.2; 

 a polymer membrane as separator of the anodic and cathodic parts; both anionic and 

cationic membrane have been considered for DBFC (this will also be developed in 

section I.2.3.5); 

 two diffusion layers (DLs), which enable fuel and oxidant supply in the cell, products 

evacuation as well as electrons transport.  

 

Figure I.3. Simplified architecture of the elementary cell of a DBFC. 

 

The comparison of energetic and thermodynamic features of the DBFC in contrast with the 

PEMFC and DMFC highlights the interest for DBFC (see Table I.2): the high number of electrons 

released during the BOR (8, compared to 2 and 6 for PEMFC and DMFC respectively) leads to a 
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theoretical specific energy 50% higher than for a DMFC, although it remains under the specific 

energy of a PEMFC. However, the theoretical cell voltage of a DBFC (1.64 V) is higher than for a 

PEMFC and DMFC (1.23 V and 1.21 V respectively). 

Table I.2. Energetic and thermodynamic features of the DBFC in comparison to PEMFC and 
DMFC. 

Fuel cell Number of mole of 
electrons exchanged 

per mole of fuel 

Theoretical specific 
energy 

 
(kWh kg-1) 

Theoretical cell voltage 
 

(V) 

PEMFC 2 32 1.23 

DMFC 6 6 1.21 

DBFC 8 9 1.64 

 

Today, despite the inherent assets of DBFC, their commercialization faces two main 

impediments: (i) the high cost of sodium borohydride (this will be further developed in the next 

section) and (ii) the gaseous hydrogen evolution via the hydrolysis (Equation I.6) that can occur 

via the chemical decomposition of sodium borohydride in the electrolyte (called the 

homogeneous hydrolysis) or the reaction of sodium borohydride on appropriate catalyst surface 

(called the heterogeneous hydrolysis). The hydrolysis reaction leads to a loss of fuel efficiency if 

the hydrogen released is not valorized afterwards, and to safety issues. In addition, the evolution 

of gaseous hydrogen in the anodic compartment can block the channel flow field and thus 

decrease the specific surface area of the electrocatalyst [28–30]. Two main parameters influence 

the rate of the homogeneous hydrolysis: the pH and the temperature. Acidic media and high 

temperature favor a high hydrolysis rate [25,26] as illustrated by the following empirical relation 

(Equation I.7) established by Mochalov in 1965 [31] for 7 < pH < 10 and 15 < T < 35°C, and more 

recently studied by other groups [32], where t1/2 is the half-life of BH4
- in minutes.  

 

As a consequence, in a DBFC, the BOR must proceed in alkaline environment. However, high pH 

may not be sufficient to completely prevent hydrolysis, as heterogeneous hydrolysis can 

proceed at non-negligible rate on the electrode materials, this reaction also being emphasized 

at lower pH and high temperature. 

 log (t1
2

) = pH − 0.034 ∗ 𝑇 − 1.92 Equation I.7 
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I.2.2 Production of sodium borohydride 

In its natural state, the elementary form of boron does not exist, it is generally combined with 

oxygen to form borates. The main components of boron resources are oxygenated, carbonated 

or hydrogenated. For the DBFC application, it is the hydrogenated form of boron, sodium 

borohydride, which is of interest: it contains a high amount of hydrogen: 10.6 wt.%, and is a 

strong reducing agent. Its physicochemical properties make of NaBH4 a widely-used chemical for 

industrial applications, as reducer and hydrogenating agent for organic and pharmaceutical 

compounds synthesis, wastewater treatment and as a bleaching agent in the paper industry 

[33]. The industrial production of NaBH4 is carried out by two main processes: the Brown-

Schlesinger process [34] and the Bayer process [35,36].  

o The Brown-Schlesinger process 

In the Brown-Schlesinger process, sodium hydride (NaH) reacts with trimethylborate (B(OCH3)3) 

in an inert mineral oil at 250–270°C to produce sodium borohydride and sodium methoxide 

(NaOCH3) as in Equation I.8.  

 

A concentrated alkaline solution is obtained that can be used in its liquid form or NaBH4 can be 

extracted with an amine and crystallized to obtain a pure solid. However, when taking into 

account the production of raw materials, the overall NaBH4 production proceeds in seven steps 

as presented in Figure I.4. This process is energetically inefficient due to sodium metal 

manufacturing: indeed, it is estimated that 50% of the electrical energy input is lost as heat [37]. 

Thus, although sodium metal can be recycled, the production of NaBH4 via the Brown-

Schlesinger process is expensive.  

 
4 NaH + B(OCH3)3  →  NaBH4 + 3 NaOCH3 Equation I.8 
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Figure I.4. Schematic diagram of the overall Brown-Schlesinger process for NaBH4 synthesis. 

Step 1: Steam reforming of methane to produce hydrogen. Step 2: Electrolysis of sodium 

chloride to produce sodium metal. Step 3: Refining of borax to produce boric acid. Step 4: 

Conversion of boric acid to trimethylborate with methanol. Step 5: Reaction of sodium metal 

and hydrogen to produce sodium hydride. Step 6: Combination of sodium hydride and 

trimethylborate to produce sodium borohydride. Step 7: Recycling of sodium methoxide by-

product to methanol. From Ref.[37]. 

 

o The Bayer process 

The Bayer process is a one-pot synthesis at high temperature (400-500°C) combining borax 

(Na2B4O7), metallic sodium, hydrogen, and silica (SiO2) that produces sodium borohydride and 

sodium metasilicate (Na2SiO3) as shown in Equation I.9.  

 

Although the one-pot reaction is an interesting production route, the Bayer process operates in 

a batch mode, while a continuous mode would be more efficient; it also presents non-negligible 

risks of explosion and still uses sodium metal.  

Finally, scientists have also investigated the production of sodium borohydride from sodium 

metaborate (NaBO2) via electrosynthesis, which would be an efficient route for the sustainable 

development of DBFC (indeed, NaBO2 is the combustion product of NaBH4). Several patents 

between 1958 and 1990 indicated the possibility to convert NaBO2 into NaBH4 with a large yield 

(up to 80%). However, these results were found to be false due to an inappropriate method for 

 
Na2B4O7 + 16 Na + 8 H2 + 7 SiO2  →  4 NaBH4 + 7 Na2SiO3 Equation I.9 
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measuring NaBH4 [38]. The chemical reduction of NaBO2 has also been studied using reducing 

agent such as Mg2Si alloy, MgH2, methane or coke [39,40]. None of these reactions are 

thermodynamically favorable and their processes are then not sustainable at an industrial scale. 

As a result, the different ways of production of sodium borohydride still need improvements to 

reach high yields, fast reaction rate, while being cheap and sustainable.  

I.2.3 Recent advances and remaining challenges 

The use of NaBH4 as a fuel was first demonstrated by Indig and Snyder in 1962 [41]. Nearly four 

decades later, in 1999, Amendola et al. characterized a single DBFC. The cell was made of 

dispersed 97% Au/3% Pt particles on a high surface area carbon silk cloth anode and an air-

breathing cathode, separated by an anionic polymer membrane: Amendola’s DBFC exhibited a 

maximum power density of 60 mW cm-2 at 70°C [42]. Since then, many studies have been 

published about DBFC (although only a few groups are really active on this field), and most of 

them deal with electrocatalysts for the BOR and membranes for the separation of the 

anode/cathode compartments [43]. To date, to the author’s knowledge, the highest power 

density obtained with a O2-DBFC was 810 mW cm-2 at 70°C: this result was achieved using Pd/C 

deposited on Ni foam with chitosan chemical hydrogel binder as anode electrocatalyst and a 

Pt/C cathode electrocatalyst separated by an ionically cross-linked chitosan hydrogel membrane 

[44]. The highest power density obtained with a H2O2-DBFC was 630 mW cm-2 at 70°C using Pd/C 

deposited on Ni foam with Nafion® binder as anode electrocatalyst and Pt/C cathode 

electrocatalyst separated by a pH-gradient-enabled microscale bipolar interface [45]. A quick 

review of knowledge and research advances about BOR and DBFC components is proposed 

hereafter. 

I.2.3.1 BOR mechanism 

One of the major challenges of DBFC studies has been to understand the BOR mechanism. This 

reaction is indeed very complex and highly depends on multiple parameters, including the 

catalyst nature and structure, the electrode architecture, the temperature, the fuel 

concentration and pH, that can lead to numerous intermediate species. In addition, non-faradaic 

reactions can occur and compete with the BOR. Despite the fundamental difficulties, 

understanding the BOR mechanism is critical, as it will enable to select efficient electrocatalysts 

and to design appropriate electrode architectures in order to develop high-performance DBFC 

systems. To shed light on this complex mechanism, numerous research groups investigated the 

intermediate species that are produced during the BOR, using electrochemical techniques such 
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as Rotating Disk Electrode (RDE) or Rotating Ring-Disk Electrode (RRDE), possibly coupled with 

physicochemical characterizations like Fourier Transform Infrared Spectroscopy (FTIR) and 

Differential Electrochemical Mass Spectrometry (DEMS) [46–53]. Combining their results with 

these previous studies, Olu et al. proposed in 2015 a BOR mechanism occurring on Pt for low 

NaBH4 concentration (10 mM) at T = 25°C [54] and more recently, in 2018, they extended the 

study to Au and higher NaBH4 concentrations (50 and 500 mM) at T = 25°C [55]; the BOR 

mechanism drawn in Figure I.5 summarizes their findings.  

On Pt surfaces, the BOR mechanism can proceed through two distinct pathways: (i) the fully-

dissociative adsorption of BH4
- into BHads (Equation I.10, s corresponds to a catalytic site) and (ii) 

the partially-dissociative adsorption of BH4
- into BH3, ads (Equation I.11). Depending on the 

number of available Pt sites, the potential region (basically E < 0.6 V vs. the reversible hydrogen 

electrode (RHE) or E > 0.6 V vs. RHE) and the NaBH4 concentration (low or high), one route will 

be favored over the other. 

 

For low NaBH4 concentrations (5, 10 mM) and low potentials (E < 0.6 V vs. RHE), the fully-

dissociative adsorption occurs and this reaction requires many free Pt sites (4 free Pt sites per 

BH4
- adsorption). Then, the BHads produced can react slowly with OH- in a Eley-Rideal-type 

mechanism and the BOHads produced could react afterwards with OH- in a similar mechanism to 

produce the final product BO2
-. However, BHads species are stable on Pt sites and tend to block 

the surface. The BOR process can nevertheless continue at higher potentials, thanks to OH- 

adsorption: OHads can indeed react with BHads in a Langmuir-Hinshelwood-type mechanism. 

However, OH- adsorption can also be detrimental to the BOR process since it consumes surface 

Pt sites and therefore partially contributes to Pt surface poisoning and deactivation. 

Concomitantly, at high potentials, the partially-dissociative adsorption, which is less demanding 

in free Pt site than the fully-dissociative one, can proceed and leads to the production of BH3, ads, 

that can then react according to four different pathways: BH3, ads can (i) desorb as BH3OH-, (ii) 

dissociate to form BHads + 2 Hads if enough Pt sites are available, (iii) react with OH- to form BHads 

or (iv) dehydrogenate into BHads + H2. In addition to BOR intermediate species, the two main 

pathways discussed above produce Hads or gaseous H2. Both can be electrooxidized at low 

potentials on Pt, but not at high potential on Pt surface covered by Pt oxides, being admitted 

that Pt oxides are not active for hydrogen oxidation reaction (HOR) [56,57]. 

 
BH4

− + 4 s → BHads + 3 Hads +  e− Equation I.10 

 
BH4

− + OH− +  s → BH3,ads + H2O +  2 e− Equation I.11 
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Figure I.5. Tentative BOR mechanism for Pt and Au surfaces. Adapted from Ref. [55]. 

 

 

For high NaBH4 concentrations (50 – 500 mM), the Pt surface poisoning by BHads is faster, and 

the partially-dissociative adsorption becomes favorable even at low potential values. BH3, ads are 

produced and can then self-dehydrogenate to form BHads and H2 (this reaction is the least site 

consuming), H2 being lost, and thus reducing the faradaic efficiency. 
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In any case, at potentials lower than the hydrogen reversible potential, Pt electrodes promote 

the hydrogen evolution reaction (HER, electroreduction of water), leading to very large 

reduction currents and H2 generation; as a result, any BOR activity of Pt below 0 V vs. RHE will 

be overwhelmed by intense HER currents, and the BOR on Pt cannot efficiently proceed unless 

the electrode operates above 0 V vs. RHE. As a result, the theoretical promises of Equation I.1 

(in terms of reaction potential) are beyond reach with a platinum electrode. 

On Au surface, whatever the NaBH4 concentration, the BOR only proceeds through the partial-

dissociation adsorption of BH4
- into BH3, ads, that self-dehydrogenate and lead to H2 generation, 

H2 being lost because the HER and HOR kinetics are slow on Au electrodes. 

These in-depth studies enable to conclude that Au alone is not an efficient catalyst for the BOR, 

whereas Pt-based anodes can be tailored by adjusting the number of Pt sites to the NaBH4 

concentration in order to maximize the BOR faradaic current and minimize H2 generation. 

However, according to this mechanism, Pt electrodes will only lead to quantitative oxidation 

current above the hydrogen reversible potential (Pt valorizes hydrogen species originating from 

BH4
- and is very efficient for hydrogen evolution from water reduction), and can therefore not 

be considered as an ideal BOR electrocatalyst. To date, the BOR mechanism has been deeply 

studied on these two metals but remains poorly understood for most electrocatalysts and in 

relevant conditions to DBFC operation. 

I.2.3.2 Anodic electrocatalysts 

In the light of the DBFC features and BOR mechanism discussed earlier, the ideal BOR 

electrocatalyst must meet the following requirements: promoting fast BOR kinetics and high 

faradaic efficiency at low potential, minimizing H2 escape, being able to oxidize H2, being inactive 

towards heterogeneous hydrolysis of BH4
- and electroreduction of water into H2, being stable 

and cheap. No electrocatalyst fulfilling at least high faradaic efficiency and low onset potential 

has been isolated so far. Particularly, no catalyst leading to an 8-electron BOR at potential close 

to the thermodynamic potential has been found. The different types of materials that have been 

studied to constitute the DBFC anode can be classified into four categories: monometallic 

catalysts, binary alloys and composite catalysts and hydrogen storage alloys. 

Note that, unfortunately, the comparison of DBFC performances (especially in terms of power 

density and current density) between different labs is a tricky task, owing to the fact that the 

characterization methods used to evaluate the suitability of a given electrocatalyst have not 

been standardized, as it is the case for PEMFC (at least for accelerated stress test (AST) protocols) 
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[58,59]. To overcome this issue, Olu et al. suggested (quite recently in their DBFC review) 

common experimental methods and activity benchmarks [60], but the paper is too recent to 

have solved the issues of standardization of BOR/DBFC measurements. Despite this lack of 

homogeneity between the different studies, RDE measurements have enabled to highlight some 

properties for several electrocatalysts, in terms of onset potential of the reaction, faradaic 

efficiency, activity towards the BH4
- heterogeneous hydrolysis, HER/HOR and surface passivation 

or poisoning.  

o Monometallic electrocatalysts 

Among noble and non-noble metals, Au [46,61–68], Pt [46,54,65,66,68–78], Pd [67,68,70,76,79–

87], Ag [66,68,88–91] and Ni [63,76,82,92] have particularly received attention.  

Pt has been identified as the most active towards the BOR, both as bulk electrodes 

[46,70,71,74,93,94] and carbon-supported NPs [75,76,94]. Of course, as noted above, Pt is very 

active towards the HER/HOR [95–98] and the heterogeneous hydrolysis of NaBH4 [49,74,75]. 

Consequently, the HER prevails on BOR below E = 0 V vs. RHE and the HOR prevails on the BOR 

above E = 0 V vs. RHE, resulting in a BOR onset potential of ca. E = 0 V vs. RHE on Pt surfaces. 

The number of electrons exchanged during the BOR on Pt varies from 2 to 8 in the literature 

[73,76,99] and it was shown that the faradaic efficiency decreases with the NaBH4 concentration 

[55,71,75,76]. 

Au has long been considered as an efficient electrocatalyst towards the BOR [61,100–102], 

owing to the fact that this metal does not promote as-severe BH4
- heterogeneous hydrolysis 

than Pt [61,74]. However, this result was proved wrong [46,90,103,104]: Au yields 4.5 – 7.5 

electron per BH4
- species, since it generates hydrogen (both from heterogeneous hydrolysis and 

from BH3,ads dissociation, Figure I.5) which if cannot valorize, resulting in non-negligible H2 

escape. In addition, BOR currents are only generated at high potential (ca. E = 0.3 V vs. RHE) 

[105], making of Au an overall bad BOR electrocatalyst. 

Pd exhibits good BOR activity but slightly smaller than for Pt [70] and good HER/HOR activities 

[106]. Its great interest relies on its low BOR onset potential (-0.2 V vs. RHE was measured in ref 

[67]); this effect is not fully-understood to date, but shows that the rate of HER can be 

significantly depreciated on Pd in presence of BH4
-. Pd is also active towards the BH4

- 

heterogeneous hydrolysis [67,68]. The number of electrons exchanged varies from 4 to 8 

[67,107]. In addition, Oliveira et al. showed in successive papers [108,109] that the addition of 

a Pd monolayer on Pt (111) enhances its BOR activity. This improvement was attributed to a 

slower HER on Pd and a better ability to remove BHads species, due to the fact that Pd is more 
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oxophilic than Pt (this reasoning assuming that the BOR on Pd proceeds with a similar 

mechanism as on Pt, which still has to be verified).  

Ag is reported to be inactive towards the BH4
- heterogeneous hydrolysis [66,89] but leads to an 

incomplete BOR with a release of 2-6 electrons owing to the fact that Ag does not promote HOR, 

while still does not completely avoid H2 generation [91]. It was shown that oxides formed upon 

Ag surface have catalytic effect on the oxidation of borohydride [88], but this proceeds at too-

high potential to be relevant in a DBFC anode.  

Finally, Ni has been found to be active for BOR but also for the BH4
- heterogeneous hydrolysis 

thereby yielding 50-75% faradaic efficiency [76,92,110]. However, it seems that the formation 

of stable oxides on Ni surface along DBFC stability tests affects the overall DBFC performances 

[111] and especially their sustainability. As a result, whereas Ni electrodes can prove interesting 

for the BOR, tightly controlling their degree of surface oxidation is critical and very awkward in 

practice [112]. 

o Binary alloys and composites 

The previous section illustrates that no monometallic electrocatalyst present all the required 

properties for an efficient BOR; so, many researchers tested binary alloys and composite 

electrocatalysts in order to take advantage of the interests of each component in the hope to 

boost the BOR activity/selectivity. More precisely, metal exhibiting good catalytic BOR activity 

have been combined with a metal being inactive towards the NaBH4 heterogeneous hydrolysis. 

As an example, Atwan et al. studied Pt-Au alloy and Pd-Au alloy, that proved to enhance the BOR 

kinetics compared to Au-only catalyst (but not to Pt-only and Pd-only catalysts) [101]. In other 

studies [113,114], Pt has been alloyed with Ni and this catalyst led to good BOR performances, 

while reducing the rate of H2 escape. Alloying Ag and Ni also showed to be an efficient 

combination leading to a 7-electron BOR [115]. However, none of these solutions have been 

completely satisfactory. 

o Hydrogen storage alloys 

Hydrogen storage alloys are metallic materials that have the ability to spontaneously react with 

hydrogen and store it as metal hydride; gaseous H2 can be then re-generated via desorption. It 

was thus expected that these materials reduce H2 evolution during DBFC operation. Two groups 

of hydrogen storage alloys have been considered: AB2-type and AB5-type alloys (A is a rare earth 

element or transition metal; B is a transition element or solid solutions based on magnesium, 

vanadium or palladium). Some authors reported the characterization of this type of materials as 
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anode electrocatalyst for DBFC [30,116–121]; however, most of the experiments were 

conducted only in fuel cell configuration (and not in RDE configuration) without comparison with 

a noble electrocatalyst. Thus, it is difficult to evaluate the properties and the possible interest of 

these materials for DBFC. However, their principle of operation (hydrogen evolution/insertion 

and hydrogen oxidation/deinsertion) leaves little hope of BOR current generation below the 

hydrogen potential. 

I.2.3.3 Electrode composition and operating conditions 

In addition to the chemical nature of the anodic electrocatalyst, the anode composition can 

influence the BOR mechanism and activity depending on numerous parameters, such as the 

nature of the binder and amount or the electrocatalyst support. As an example, Li et al. [110] 

reported that using Nafion® instead of PTFE as binder leads to better DBFC performances and 

Kim et al. [94] showed that an optimum of Nafion® content could be reached above which the 

DBFC performances started to decrease. In addition, Ponce-de-León et al. [122] investigated the 

use of three-dimensional electrodes such as reticulated vitreous carbon (RVC): they showed that 

the BOR kinetics is faster on low porosity grade supports. This suggests that the porous structure 

and texture of the electrode has a non-negligible influence on its apparent performances, as Olu 

et al. [70] and Freitas et al. [123] have put forth. 

Moreover, the anolyte composition and flow rate also impact the DBFC performances. An 

increase in NaBH4 concentration leads to larger power and current densities [124,125], by 

enhancing mass-transport; however it also increases the hydrolysis rate [64] as well the BH4
- 

crossover [94]. Faster anolyte flow rates also improve the mass-transport, thereby leading to 

higher power density values [30,83,101,124–126]. Finally, larger temperatures promote high 

diffusion coefficients (hence mass-transport) of the reactants and membrane conductivity, 

which, along to the improved BOR/HOR kinetics, is beneficial to reach high performances 

[124,127,128]; on the other hand, increasing the temperature favors the BH4
- hydrolysis and 

crossover, which is detrimental to the DBFC performances [70,125,129]. As a result, the 

optimization of the DBFC operation will be a matter of (numerous) compromises. 

I.2.3.4 Cathodic electrocatalysts 

As mentioned earlier, when O2 is used as the oxidant of the DBFC, the ORR proceeds in the 

cathodic compartment. The ORR is a relatively complex and slow reaction, which has been 

deeply studied, owing to its large use in numerous technologies such as AFC, metal-air batteries 

or chlor-alkali process. In comparison with acidic media, alkaline environments lead to enhanced 
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ORR kinetics, due to the reduced adsorption energy of anions [130], which take part in the 

different possible ORR mechanisms (it is beyond the scope of this chapter to discuss those 

mechanisms) [131]. 

A wide range of ORR catalytic materials have been investigated for potential use in a BDFC 

cathode, including PGM (Pt-group metals), non-metal doped carbon, carbon−transition metal 

hybrids, and transition metal oxides, among others [132]. Pt-based electrocatalysts exhibit the 

highest ORR activity [132–134], but are also very sensitive to the fuel crossover; MnOx 

compounds have been proven more tolerant to the presence of fuel, but are still sensitive to the 

crossover [135]. In addition, several parameters such as oxygen partial pressure, relative 

humidity, and gas flow rate can be optimized to reach high ORR activity. 

To sum up, the overall DBFC performances can be limited by the cathodic reaction and there is 

still work to be done to optimize parameters and to find sustainable cathodic catalytic materials. 

Because the potential crossover of NaBH4 can be critical to the cathode operation, a wealth of 

work must be devoted to the membrane that separates the anode from the cathode. 

I.2.3.5 Membrane 

Membranes are polymer electrolytes that conduct anions (cations) as they contain positive 

(negative) charged groups bound covalently to a polymer backbone. The role of the membrane 

in a FC is to avoid reactants and products interaction and to electronically isolate the anodic and 

cathodic compartment, while allowing ionic conduction. Thus, the membrane must meet the 

following requirements: high conductivity, high ion exchange capacity (IEC, which is the number 

of functional groups (molar equivalents, eq.) per unit mass of polymer), high mechanical 

strength and high chemical resistance. The ideal membrane has all the properties listed above, 

while being cheap and eco-friendly produced. Of course, meeting all these requirements for a 

given material is not an easy task. 

In the particular case of O2-DBFC, in order to be able to reach high performances, the membrane 

must have the following properties: 

 Prevent BH4
- crossover from anodic compartment to cathodic compartment, to avoid 

fuel losses; 

 Enable OH- transport from cathodic compartment to anodic compartment, to prevent 

pH decreasing in the anodic side; indeed, OH- are produced at the cathode and 

consumed at the anode; 

 Prevent Na+ transport from anodic compartment to cathodic compartment. 
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Ideally, an anion-exchange membrane (AEM) is more likely to fulfill the second and third point, 

but will most-probably not prevent BH4
- crossover. A cation-exchange membrane (CEM) will 

have opposite properties. Both AEM and CEM have been considered for DBFC, each of them 

performing differently (Table I.3). 

 

Table I.3. Advantages and drawbacks when using CEM and AEM in DBFC. 

Membrane Advantages Drawbacks 

CEM 

Minimize BH4
- crossover 

High cation conductivity (less for Na+ 
than for H+, though) 

Commercial products available 

Large durability 

pH decreasing in anodic 
compartment 

High Cost 

Displaces NaOH from anode to 
cathode 
 

AEM 

Enable OH- transport from cathodic 
compartment to anodic compartment 

Prevent Na+ transport from anodic 
compartment to cathodic compartment 
 

BH4
- crossover 

No commercial products available 

Low durability 

 

CEM offer the possibility to minimize BH4
- crossover (but not totally avoiding it, as shown by Liu 

et al. [136]) but lead to OH- exhaustion in the anodic compartment and thereby to more NaBH4 

hydrolysis. On the contrary, AEM enable the transport of OH- from cathodic side to anodic side 

but cannot prevent BH4
- crossover. Therefore, the use AEM appears to be more suitable for DBFC 

on the condition that only OH- can cross the membrane (which is not granted), or if a BH4
- 

tolerant cathode is used. 

However, most DBFC characterizations were conducted using CEM [60], the most common 

choice being Nafion®, a perfluorosulfonic acid (PFSA) membrane manufactured by DuPont 

(made of poly(tetrafluoroethylene) backbone with perfluoroether pendant side chains 

terminated by sulfonic acid groups, see Figure I.6). This material presents the advantage of being 

commercially available and exhibits good cation conductivity (in the order of 100 mS cm-1) and 

good mechanical and chemical stability, even in alkaline environment and in presence of strong 

reducer. On the contrary, very few studies report the use of AEM for DBFC characterizations 

[42,113,124,136–138] and most of them used the Morgane®-ADP membrane (from Solvay) 

which was (it is no longer commercialized) made of cross-linked fluorinated polymer backbone 
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with quaternary ammonium exchange groups. Most of AEM used in AFC have indeed low 

conductivity (below the required minimal value of 100 mS cm-1 to achieve high current 

densities), due to a low OH- mobility which is 20.6 10-8 m2 s-1 V-1 compared to 36.2 10-8 m2 s-1 V-1 

for H+ [139], and poor mechanical stability [140]. The latter manifests by the chemical 

degradation of the anion-conducting polymer via an attack of the OH- anions, leading to an 

increase in the cell resistance [139]. The scientific community still works to improve their 

properties, and the recent progresses enable to be optimistic about their optimization in a close 

future [140,141]. 

 

 

Figure I.6. PFSA membrane structure. For Nafion®: x = 6-10, y = z = 1. 

The thickness of the membrane also influences DBFC performances: it was shown that thin 

membranes improve FC performances because of a lower Ohmic resistance [28,136,142–144]. 

As an example, Liu et al. [136] showed that the power density increases by 54% when the 

membrane thickness is divided by 4. This however means that the fuel inlet must be tightly 

controlled to prevent detrimental crossover. 

In the particular case of H2O2-DBFC, finding an appropriate membrane has been challenging 

because of the disparate pH environment between the anodic compartment and the cathodic 

compartment. NaBH4 is indeed stable at high pH while H2O2 is stable at low pH [145]. Bipolar 

membranes have been designed and developed to enable the optimization of the two half-cell 

reactions kinetics [146]. A bipolar membrane is composed of an AEM (in the anodic side) in direct 

contact with a CEM (in the cathodic side) and water is dissociated at the bipolar junction (see 

Figure I.7). The main drawback when using the bipolar membrane is the unavoidable high 

junction potential associated to water dissociation, which is 0.83 V [147].  

Very recently, Wang et al. [45] reported the high interest of using a pH-gradient-enabled 

microscale bipolar interface (PMBI) for H2O2-DBFC in comparison with an all CEM or AEM 

configuration. They reported a power density of 300, 280 and 50 mW cm-2 and an open circuit 
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voltage (OCV) of 1.8, 1.7 and 1.3 V when using PMBI, AEM and CEM respectively. After DBFC 

parameters optimization (membrane thickness, cell active area, catalysts loading and fuel and 

oxidant flow rates), the PMBI-based H2O2-DBFC yielded an OCV of 1.95 V, a peak power density 

of 630 mW cm-2 at 1 V, and a peak current density of 330 mA cm-2 at 1.5 V. 

To conclude, this study highlights the crucial importance of tailoring membrane that is one of 

the keys to boost DBFC performances.  

 

Figure I.7. H2O2-DBFC using a bipolar membrane. From Ref. [146]. 

 

In summary, the DBFC can be seen as a promising energy generator, owing to a high energy 

density and high theoretical voltage, while avoiding storage and transport issues (as it the case 

with the use of H2). However, these promising features are contrasted by the very complex BOR. 

Although the BOR mechanism may have been established recently for Pt and Au 

electrocatalysts, this mechanism remains misunderstood on most catalysts and in DBFC 

operation conditions (i.e. high NaBH4 concentration and high temperature). Among the 

materials studied for BOR, Pd showed interesting properties towards BOR. In addition to the 

chemical nature of the electrocatalyst, particular attention must be paid to the architecture of 

the electrode which can really boost the BOR kinetics and the overall DBFC performances. These 

aspects will be studied in this thesis. 
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I.3 Stability issues and degradation mechanisms in alkaline fuel cells 

I.3.1 Anodic electrocatalysts do age upon DBFC operation 

Among the advantages frequently cited for AFC and electrolyzers, the good stability of electrode 

materials is often mentioned. The common belief considers that AFC electrocatalysts are indeed 

stable in alkaline environment owing to the better thermodynamic stability of many metals and 

their oxides at high pH and high potential, based on their Pourbaix diagrams: an example of the 

Pourbaix diagram of platinum, palladium and nickel is given in Figure I.8.A.B.C. However, these 

diagrams also point out the formation of hydrated complexes (such as PtO3
2-, PtO4

2-, PdO3
2-, 

PdO4
2-) that could lead to dissolution. In the case of carbon, the Pourbaix diagram (Figure I.8.D) 

indicates no corrosion at high pH, thanks to the formation of solid carbonates that leads to the 

passivation of the carbon surface. However, the corrosion of carbon (acetylene black 

specifically) at high pH has been observed by Ross et al. in the 1980s [148–151] and the following 

observations were reported: (i) the dissolution of carbon into soluble carbonate ion (CO3
2-) has 

been observed for E < 1.4 V vs. RHE and T < 50°C, (ii) the gasification (CO2 formation) has been 

observed when E > 1.5 V vs. RHE and T > 60°C, (iii) the presence of Fe2O3, Cr2O3, NiO, Co3O4 and 

Ru on carbon catalyzed the carbon corrosion by a factor of 3 to 14 and (iv) graphitized carbon 

(structure with less edge atom) was proven to be more resistant to corrosion. 

 Surprisingly, the study of degradation mechanism of carbon-supported metal NPs 

electrocatalysts commonly used in AFCs had almost never been studied until 2015. In fact, in the 

case of DBFC, some studies reported long-term constant current operation [60] and the DBFC 

decline was mainly attributed to (i) the formation of solid compounds (carbonate and borate) 

[138,152] or (ii) the degradation of the membrane [153]. Few studies focused on the anode 

material stability, but Li et al. observed a faster anode degradation for high current density due 

to H2 generation [153] and Cheng et al. observed the dissolution/detachment of Pd anode 

electrocatalyst upon DBFC operation [154]. In addition, Olu et al. [70] examined the evolution 

of two anodic materials morphology before and after fuel cell experiments: the TEM 

micrographs (see Figure I.9) revealed huge Pt/C and Pd/C deterioration with a lot of 

agglomeration and a pronounced decrease of the number of NPs (especially for Pt/C). 
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Figure I.8. Pourbaix diagram of (A) Platinum, (B) Palladium, (C) Nickel and (D) Carbon. 
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Figure I.9. TEM images of the anodic catalysts before the fuel cell characterizations: (A) Pt/C, 

(B) Pd/C and after the fuel cell characterizations: (C) Pt/C, (D) Pd/C. Adapted from Ref. [70]. 

 

As a consequence, just as the lack of knowledge about the BOR mechanism hinders the 

development of efficient anodic electrocatalysts, the lack of knowledge about degradation 

mechanisms impedes the selection of sustainable electrocatalysts; indeed, the durability 

criterion is just as important as the BOR efficiency criterion. The scientific community has 

understood this very well: the degradation mechanisms of carbon-supported Pt NPs 

electrocatalysts (the state-of-the-art electrocatalyst for ORR) used for PEMFCs are now well 

understood (details are given in the next section) and studies in that field are now focusing on 

the improvement of material stability.  
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I.3.2 PEMFC electrocatalysts degradation mechanism 

In a PEMFC, the electrocatalysts represent one of the main sources of degradation due to the 

aggressive environment they have to operate in, especially in the cathode side (oxygen-

saturated environment and high electrochemical potential). The Pt/C electrocatalyst degrades 

upon operation via two main processes [155]: 

 The Pt NPs and Pt oxides can corrode (dissolved) through an electrochemical 

(Pt → Pt2+ + 2 e−) or a chemical reaction (PtO + 2 H+ → Pt2+ +  H2O) [156]. The 

dissolution process highly depends on the NPs size, the pH, the temperature, the 

gaseous atmosphere, the potential range and the potential sweep rate used in model 

or real PEMFC operating conditions [157–159]. This dissolution can be then followed by: 

o A re-deposition onto bigger NPs, according to 3D-Ostwald ripening (small NPs 

have the inherent tendency to dissolve at the expense of larger ones in order to 

reduce the high surface energy) [160,161]; 

o The metal cations can also be transported into the membrane and be reduced 

by the H2 coming from the anode via crossover [162,163]. 

 The carbon support can corrode: 

o In the case of a slight corrosion, oxygenated-containing groups form on the 

carbon surface (such as alcohol, quinone or carboxylic acid [164,165]) and lead 

to Pt NPs migration, that can further lead to Pt NPs agglomeration. If the 

cathode compartment is in a reducing environment due to H2 crossover, the 

particles can also coalesce and form aggregates. 

o In the case of a strong carbon corrosion, CO2 is evolved (Equation I.12, in priority 

from amorphous regions of carbon, but organized (graphitic) region are 

progressively amorphized via surface oxidation/surface groups formation and 

then converted into CO2 also), thereby leading to the destruction of the carbon 

structure; Pt NPs can then detach and fall from the carbon support. Theses NPs 

are then lost and cannot catalyze the electrochemical reaction anymore 

because they are electronically disconnected. They can also re-deposit onto the 

membrane and contribute to its degradation.  

In all cases, the degradation of the electrocatalyst leads to a decrease of the ElectroChemical 

Surface Area (ECSA, which the specific Pt surface used to catalyze the electrochemical reactions) 

and then a decrease of the overall FC performances. 
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To be more specific regarding carbon corrosion, the carbon oxidation corrosion (COR) is 

thermodynamically possible for E > 0.207 V vs. RHE but is kinetically limited for E < 0.9 V vs. RHE. 

The COR produces CO2 (Equation I.12), to a lesser extent CO (Equation I.13) and also carbon 

surface oxides (COsurf) [166,167]. 

 

 

In addition, it was shown, thanks to DEMS and FTIR, that the presence of Pt NPs catalyze the 

COR [166,168]: it is suggested that for 0.3 < E (V vs. RHE) < 0.6, carbon surface oxides form and 

the ones present at the vicinity of Pt NPs back-spillover from the carbon support onto the Pt 

NPs, where they are converted into COads species (Equation I.14) and then oxidized at higher 

potential (ca. E = 0.8 V vs. RHE) into CO2 (Equation I.15), the reaction being catalyzed by Pt at 

higher potential, i.e. when E > 0.6 V vs. RHE.  

 

To mitigate the Pt NPs corrosion issue, alloying Pt with other metals and especially Co, 

demonstrated better stability than pure Pt NPs [169] and enabled reducing the cost of the 

electrocatalyst. However, the stability improvement was explained by the role of sacrificial 

anode of Co, that leads to Co dissolution, which pollutes the polymer electrolyte membrane 

afterwards, hindering O2 and H+ transport [170].  

To alleviate the carbon corrosion issue, the scientific community has taken an interest in 

alternative supports and investigated two main strategies: (i) the replacement of the carbon 

support by corrosion-resistant materials and (ii) the modification of the carbon structure. In that 

spirit, boron-doped diamond, graphene, carbon nanotubes, carbon nanofibers, mesoporous 

carbon, titanium oxides, tungsten carbide, or tungsten oxide have been studied (among others) 

[171]. However, these alternative supports still suffer from expensive production costs, low 

 
C + 2 H2O → CO2 + 4 H+ + 4 e− 

E° = 0.207 vs. NHE 

Equation I.12 

 
C + H2O →  CO + 2 H+ + 2 e− 

E° = 0.518 V vs. NHE 

Equation I.13 

 
COsuf + Pt →  Pt − COad Equation I.14 

 
Pt − COad +  H2O → CO2 + 2 H+ + 2 e− Equation I.15 
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conductivity or low specific surface area and improvements are needed to obtain the ideal 

support. 

In addition, several studies revealed that the COR was highly influenced by the carbon structure 

[172–175]: it was shown that graphitized carbons are more resistant to electrochemical 

corrosion than structurally-disordered carbon support (such as HSAC, which are generally used 

to support metal NPs owing to the very good dispersion of the NPs onto this support). However, 

these types of carbon supports have generally a low specific area and it is difficult to obtain a 

good dispersion of the NPs.  

Finally, the COR kinetics and mechanisms are influenced by the structure of the carbon, the 

potential values and also the presence of metal NPs. All these studies and the technologies used 

to unveil the degradation mechanism of cathodic electrocatalyst in PEMFC enabled Zadick and 

coworkers to reveal in 2015 the first insights into the electrocatalyst degradation mechanism in 

AFC conditions. 

I.3.3 First steps towards the fate of electrocatalyst degradation in alkaline 

media 

I.3.3.1 The case of commercial carbon-supported platinum 

electrocatalyst  

The lack of knowledge about electrocatalyst degradation in alkaline media incited Zadick and 

coworkers to investigate the stability of the most studied electrocatalysts in AFC, namely Pt/C 

and Pd/C (the case of Pd will be detailed in the next section) [140]. To that goal, they chose to 

subject the electrocatalyst to an AST consisting of 150 potential cycles between E = 0.1 and 

1.23 V vs. RHE with a potential sweep rate v = 100 mV s-1, at T = 25°C in 0.1 M NaOH electrolyte 

arguing that: (i) the low potential limit (0.1 V vs. RHE) was realistic for an anodic electrocatalyst 

but enable to prevent the HER (which would add another parameter), (ii) the high potential limit 

(1.23 V vs. RHE) was realistic for a cathodic electrocatalyst, (iii) this wide potential window is 

very often used in the literature to investigate numerous fuel electrooxidation and finally 

(iv) many electrocatalytic studies initiate with a “cleaning step” of the material in supporting 

electrolyte in such a potential window for several tens (if not hundreds) cycles. They also decided 

to subject these electrocatalysts to the same AST but in acidic media (0.1 M HClO4 or H2SO4), for 

comparison. The degradation of each material was evaluated using the loss of the ECSA thanks 

to COads-stripping measurements (conducted in acidic media before and after the AST) and the 
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evolution of the morphology of the material along the AST was monitored using Identical-

Location Transmission Electron Microscopy (IL-TEM) (see Figure I.10). 

 

 

Figure I.10. IL-TEM micrographs pre- and post-AST at 25°C in NaOH (A, B), HClO4 (C, D) and 

H2SO4 (E, F). The white crosses highlight the NPs loss (in a non-comprehensive manner). 

Corresponding particles size distribution histograms in NaOH (G) HClO4 (H) and H2SO4 (I). 

Adapted from Ref. [176]. 

 

The Pt/C used was made of 2.5 nm-Pt NPs and the results revealed that 60% of the ECSA was 

lost after the AST conducted in alkaline media, which was three times more than the AST 

conducted in acidic media (almost no differences were observed between HClO4 and H2SO4) 

[176]. The analysis of the IL-TEM micrographs recorded before and after the AST enabled to 

establish the particles size distribution (PSD) histograms (Figure I.10) and to provide insights into 

the degradation mechanism at stake: the authors concluded that the ECSA loss mostly resulted 
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from Pt NPs detachment from the carbon support. The analysis of the PSD indicated no extensive 

Pt dissolution; thus, a 3D Ostwald ripening mechanism was ruled out. However, it turns out that 

a severe carbon corrosion (investigated with Raman spectroscopy and XPS measurements) could 

not account for the NPs detachment. It was assumed that a modification of the anchoring site 

between the carbon support and the Pt NPs could explain such degradation. 

I.3.3.2 The case of palladium-based electrocatalysts 

A Pd/C electrocatalyst with a near-similar NPs size (4 nm) as the Pt/C was also subjected to an 

identical AST in both alkaline and acidic media [177]. The ECSA loss after 150 potential cycles in 

alkaline media turned out to be lower than for Pt/C: 35% ECSA loss was reported (so twice less 

than for Pt/C). On the contrary, the ECSA loss after a similar AST but conducted in acidic media 

lead to 65% ECSA loss: as expected, according to the literature, Pt/C is much more stable in acidic 

media than Pd/C, but the opposite seems verified in alkaline media. The Pd/C electrocatalyst 

was also subjected to a longer AST: the ECSA loss after 1000 potential cycles was 62%, so Pd 

cannot be considered stable in alkaline environments. The IL-TEM micrographs recorded before 

and after the 1000-cycle-long AST indicated similar morphology evolution than for Pt/C. Thus, 

the authors concluded that most of the damages caused by the repeated potential cycling 

consist of massive detachment of particles, probably because their anchoring sites/groups to 

the carbon substrate are irreversibly destroyed. 

o Influence of the Pd NPs size 

The influence of the Pd NPs size was also investigated using a Pd/C electrocatalyst with bigger 

NPs (11 nm) [177]. The results indicated 18% of ECSA loss (compared to 35% for the smaller NPs-

electrocatalyst). However, it is worth noting that the COads-stripping measurements contributed 

to the ECSA loss of up to 30% in the case of the small-NPs-Pd/C and 10% for the big-NPs-Pd/C. 

Finally, the NPs size did not significantly influence the extent of degradation. 

o Influence of the presence of a reducer 

The influence of the presence of a strong reducer was investigated using gaseous H2 and 

hydrazine borane (HB) to mimic the environment of a liquid AFC anode [177]. The results 

revealed similar ECSA loss for the big-NPs-Pd/C in both cases but a slight increase of the ECSA 

loss was reported (up to 5 points) for the small-NPs-Pd/C, indicating the existence of a slight 

particle size effect on the durability of Pd NPs in reducing alkaline environment. 
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o Influence of the carbon support morphology 

Kabir et al. [178] compared the degradation of Pd NPs supported on two different carbon 

supports: a partly amorphous commercial carbon (Vulcan XC-72) and a graphitized carbon 

(graphene nanosheets). Using the same AST protocol described above (with 150 and then 

1000 cycles), the authors reported a similar ECSA loss but different morphology evolution: the 

Pd/Vulcan XC-72 degraded via major NPs detachment with minor agglomeration whereas the 

Pd/graphene degraded through a high rate of dissolution/redeposition of isolated NPs and 

coalescence of agglomerates on the graphene support. Again, in both cases, Raman 

spectroscopy measurements indicated no extensive carbon corrosion. Finally, using a more 

graphitized carbon support does not mitigate the degradation of the Pd/C electrocatalyst (when 

it is the case for PEMFC cathodic electrocatalyst degradation as mentioned earlier). 

o Influence of the Pd morphology 

The influence of the Pd morphology was studied using unsupported cubic Pd NPs [179]. The AST 

protocol was not composed of 150 successive CV but instead consecutive chronoamperometry 

(CA) and CV was used. IL-TEM micrographs (see Figure I.11) indicated that the AST leads to a 

modification of the morphology from a cubic NPs to coalesced and near-spherical NPs indicating 

a dissolution/redeposition process, at least at the local scale (from neighboring NPs). 

 

 

Figure I.11. IL-TEM micrographs of unsupported cubic Pd NPs obtained pre (A) and post 

(B) 150 CV cycles between E = 0.1 and 0.9 V vs. RHE at T = 25°C in Ar-purged 0.1 M NaOH. 

From Ref. [179]. 
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I.3.3.3 The case of carbon-supported nickel-based electrocatalysts 

Zadick et al. also investigated the case of three carbon-supported non-(entirely-)noble 

electrocatalysts: Ni3M/C (M = Ag, Pd, or Co) [180]. The same AST (than for Pt/C studies) was 

applied and the IL-TEM micrographs revealed that the Ni3Ag/C was the most degraded; the Ag-

rich large NPs being the most affected by the electrochemical treatment; the Ni3Pd/C sample 

was undergoing some loss of NPs, but the extent of this loss is well below that witnessed in 

similar conditions for pure Pd/C; finally, Ni3Co/C material exhibited the best stability, the IL-TEM 

micrographs showing no evident morphology changes.  

I.3.3.4 Can the degradation be mitigated? 

In the light of these experiments, the destruction of the anchoring point seemed to account for 

the degradation of the carbon-supported Pt and Pd electrocatalyst. Thus, Miller et al. [181] 

tested the stability of an advanced electrocatalyst consisting of Pd NPs deposited onto a CeO2/C 

support, the Pd NPs being preferentially deposited on the CeO2 regions, thus creating a “buffer” 

layer between the carbon and the Pd NPs. After a 1000-cycle-long AST, the IL-TEM showed no 

major NPs detachment but instead the initially small and agglomerated NPs became larger and 

round-shape; this suggests that a dissolution/redeposition process was likely at stake. As a 

result, it is possible that the degradation of carbon-supported Pd NPs electrocatalyst could be 

mitigated if the metal NPs are not in direct contact with the carbon substrate. 

 

In summary, Zadick and coworkers initiated the investigations about the degradation of carbon-

supported and unsupported metal NPs electrocatalysts in alkaline media. They showed that the 

alkaline environment is very aggressive towards Pt and Pd electrocatalysts and leads to dramatic 

deterioration of this materials after a mild AST protocol, via a major NPs detachment. 

Consequently, the degradation of these electrocatalysts cannot be ignored anymore and should 

be taken into account, not only for long-term operation but also for kinetic studies. While no 

pronounced dissolution of Pt NPs nor extensive carbon corrosion could account for the NPs 

detachment, the destruction of the anchoring point between the NPs and the carbon substrate 

seems to rationalize such degradation. Especially for the case of Pd, a slight effect of the NPs 

size and morphology was reported as well as the carbon-support morphology onto the 

degradation mechanism. Finally, carbon-supported Ni-based electrocatalysts showed promising 

durability performances, since no morphology changes were noticed after a 1000-cycles-long 

AST.  
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I.4 Conclusions and PhD outline 

At a time when the development of decarbonized energy generators is urgent, fuel cells present 

interesting properties and offer a serious alternative to conventional energy generators based 

on fossil fuel combustion. The PEMFC is currently the most mature technology but its 

commercialization is hampered by technological issues linked to hydrogen storage and 

transport. 

In that context, alternative liquid fuels have been considered, and among them, the use of 

sodium borohydride as the fuel of the direct borohydride fuel cell shows promising theoretical 

performances in terms of energy density and cell voltage. However, in a DBFC, the electricity is 

generated via the electrooxidation of borohydride, a very complex reaction which is 

misunderstood on most electrocatalysts and in DBFC operation conditions. In addition to good 

BOR catalytic activity, the ideal electrocatalyst must be stable in operation. In that field, studies 

were very scarce until 2015, when the first insights into the fate of carbon-supported Pt and Pd 

electrocatalysts in alkaline media were revealed. It was shown that the alkaline environment 

was very aggressive and lead to significant particles detachment from the carbon support owing 

to the destruction of the anchoring point between the particles and the carbon substrate. 

In that frame, this PhD was motivated by the necessary further understanding of the BOR on 

carbon-supported palladium-based electrocatalysts in relevant conditions to DBFC operation 

(i.e. high fuel concentration and high temperature) in addition to the impact of the electrode 

design on the BOR activity. Finally, this work also aimed to provide insights into the origin of the 

particles detachment occurring during carbon-supported Pt electrocatalyst degradation. 

Therefore, this thesis is articulated around three studies reported in CHAPTER II, CHAPTER III 

and CHAPTER IV respectively: 

 CHAPTER II deals with a characterization of several Pd-based electrocatalysts for the 

BOR in DBFC operating conditions; the influence of several parameters on the BOR 

kinetics are surveyed; 

 CHAPTER III focuses on the study of the impact of five design of anodic catalytic layers 

on the BOR efficiency, first using a fundamental approach and then using a unit cell of 

DBFC; 

 Finally, CHAPTER IV deals with the investigation of the origin of the particles 

detachment occurring during the degradation of carbon-supported PGM 

electrocatalysts, using mostly in situ Fourier transform infrared spectroscopy. 
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CHAPTER II Palladium-

based electrocatalysts for 

the BOR 
  

Pd-based electrocatalysts for the 

BOR 

Chapter II 
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II.1 Motivations of the study 

II.1.1 BOR on Pd/C electrocatalysts 

As discussed in the previous chapter, according to the literature, Pd-based electrocatalysts 

showed interesting properties and promising catalytic activity towards the BOR. However, both 

the BOR kinetics and mechanism are still poorly studied/documented and understood on 

palladium, and most of BOR investigations on carbon-supported Pd-only electrocatalysts are 

conducted for low NaBH4 concentration (between 5 and 30 mM) and low temperature (20-30°C), 

i.e. in conditions that may not be relevant for the DBFC application. 

Simoes et al. [67] studied the BOR on carbon-supported Pd nanoparticles (NPs) (Pd/Vulcan XC72) 

and reported an open circuit potential (OCP) of -0.2 V vs. RHE. They concluded that the BOR 

mechanism follows different pathways according to the electrode potential: (i) for low 

potentials, -0.2 < E < 0.1 V vs. RHE, partial heterogeneous hydrolysis proceeds and leads to the 

production of gaseous hydrogen (H2) and BH3OH- (Equation II.1) which is electrooxidized 

afterwards according to Equation II.2; at higher potentials (E > 0.4 V vs. RHE), the direct BH4
- 

electrooxidation occurs through a 6-electron reaction. In the intermediate potential range 

(0.1 < E < 0.4 V vs. RHE), the H2 oxidation and the direct BH4
- oxidation reactions proceed in 

parallel.  

 

Grimmer et al. [107] also studied a Pd/Vulcan XC72 electrocatalyst and identified two potential 

domains: (i) a 4-electron oxidation pathway at low potentials (E < 0.4 V vs. RHE), and an 8-

electron oxidation pathway at higher potentials (0.8 V vs. RHE). Using nuclear magnetic 

resonance (NMR) spectroscopy, they showed that a non-identified intermediate specie (but 

likely BH2OH) poisons the Pd surfaces at low potential and is later oxidized at high potential. 

Yang et al. [81] studied electrocatalysts made of Pd NPs supported on three different carbon 

substrates to evaluate the influence of the carbon support on the Pd nanoparticles distribution 

and BOR activity: an activated carbon (AC), a conventional carbon black (Vulcan XC72) and 

multiwalled carbon nanotubes (MWCNTs). The Pd NPs supported on MWCNTs exhibited better 

BOR activity than the two others electrocatalysts, due to smaller Pd NPs and a better dispersion 

on the carbon substrate (owing to a supposed larger specific surface area of the CNTs, which 

 BH4
− +  H2O → BH3OH− +  H2 Equation II.1 

 BH3OH− + 3 OH− → BO2
− + 2 H2O + 3 e− Equation II.2 
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apparently had not been measured). In addition, they showed that a high ratio [OH-]/[BH4
-] 

reduced the H2 escape for the Pd/AC catalyst, but this ratio had less impact on the H2 escape for 

the two others materials. In the same line, Martins et al. [182] came to similar conclusions as 

Yang et al. [81] studying Pd NPs deposited on two different biobased carbon supports in 

comparison with Vulcan XC72: the former exhibited better BOR kinetics and activity due to high 

specific surface area of the carbon supports (ca. 6-fold higher than for Vulcan XC72), even 

though the relationship between the BOR activity and the surface area of the carbon was not 

precisely detailed. 

As interesting as they are, these studies remain scarce and fall short to provide a complete 

understanding of the BOR on Pd electrodes, in particular in experimental conditions relevant to 

DBFC application. Thus, one of the objectives of this PhD work was to study the BOR on carbon-

supported Pd electrocatalysts in conditions closer to the real DBFC system. To that goal, Pd/C 

electrocatalysts were synthetized and provided by our project partners from the Naval Research 

Laboratory; they were characterized for several NaBH4 concentrations (5, 50 and 500 mM) and 

at higher temperature (T = 60°C), these conditions being close to the optimal ones for the DBFC 

performances [70]. 

II.1.2 BOR on Pd/C-CeO2 electrocatalyst 

In addition to the characterization of these Pd/C electrocatalysts, we had the opportunity to 

work with the group of Pr. Dario Dekel from Technion (Israel) and the group of 

Dr. Hamish A. Miller from CNR-ICCOM (Italy), who synthetized advanced electrocatalysts made 

of Pd NPs supported on a mixed support composed of Vulcan XC72 carbon black and cerium 

oxide (CeO2). Ceria is a metallic oxide which adopts a fluorite (CaF2)-type structure: Ce4+ cations 

form a cubic face-centered host network and O2- anions occupy all tetrahedral sites. Ceria has 

received a lot of attention for its use in many heterogeneous catalytic reactions owing to its 

facile ability to switch between Ce4+ (CeO2) and Ce3+ (Ce2O3) oxidation states, thereby enabling 

to store and release oxygen atoms [183]. Thus, such electrocatalysts were originally designed to 

enhance the hydrogen oxidation reaction (HOR) kinetics in alkaline media and proved to have 

indeed 5-fold higher activity in comparison to Pd/C towards the HOR [181,184]. The origin of 

such improvement lies in CeO2 ability to provide OHads at low potentials to Pd-Hads, thereby 

accelerating the HOR kinetics in base. For the same reason, the addition of ceria on carbon-

supported Pt-based electrocatalysts also proved to be efficient to enhance methanol [185,186] 

and ethanol [186–189] electrooxidation activity.  
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The conventional route to prepare metal-oxide/catalyst composites consists in nanodispersing 

the catalytic metal on the metal oxide substrate; the latter can participate to the catalytic 

process in a so-called bifunctional mechanism (a good example is the enhanced CO-tolerance of 

Pt/WO3 nanoparticles [190]). When indeed the metal oxide provides its own function, an inverse 

configuration is also possible, in which the metal oxide is deposited onto the (carbon-supported 

or not) catalytic nanoparticles (Figure II.1) [191], this configuration possibly giving superior 

performances than the conventional one or being more prone to provide understanding in 

fundamental studies [191,192]. For these two reasons, the group of Hamish A. Miller synthetized 

and provided us an electrocatalyst made by a first deposition of Pd NPs onto carbon support 

followed by deposition of CeO2 onto the Pd/C. The abbreviation used for this electrocatalyst will 

be Pd/C-CeO2. 

 

Figure II.1. Simple representation of the two main configurations of metal-oxide / catalytic 

nanoparticles composites used for catalytic reactions. 

 

One initial postulate of the present study was that the addition of ceria on the Pd/C 

electrocatalyst could be interesting for the BOR as well, because CeO2 ability to easily provide 

OHads at lower potential than Pd could assist the BH4
- electrooxidation mechanism, at least if it 

proceeds for Pd as for Pt (see Figure I.5 [54]).  

Because working directly in a real DBFC system adds a lot of components (and their 

corresponding parameters) such as the membrane, the cathode, the electrode substrate or the 

fuel flow rate, parameters that can be strongly correlated and lead to a tricky understanding of 

the individual behavior of each component and of the overall system [60], it was decided to 

study the BOR in a more fundamental (and controlled manner). All the data presented in this 

chapter originate from 3-electrode cell measurements, using a rotating disk electrode (RDE) 

configuration, in order to isolate the anodic material and to reduce the number of parameters 

which can affect the BOR activity.  
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II.2 Experimental details 

II.2.1 Electrocatalysts 

The four carbon-supported Pd electrocatalysts (Pd/C) studied in this work were synthetized by 

Robert W. Atkinson III from the Naval Research Laboratory (Washington DC, USA) using a vapor 

deposition protocol described in Annex 1.A. The electrocatalysts are all supported on Vulcan 

XC72 carbon black and are referred to as 22, 33, 44 or 53 wt.% Pd/C depending on the metal 

weight fraction (wt.%). The Pd-based electrocatalyst supported on Vulcan XC72 carbon black 

and modified by ceria (CeO2) deposition was synthetized by the group of Hamish A. Miller from 

the CNR-ICCOM (Florence, Italy), using a protocol also described in Annex 1.B. The Pd weight 

fraction is 20%, the ratio C/CeO2 is 1/1 and the electrocatalyst will be identified as Pd/C-CeO2 in 

this manuscript. A commercial Pt/C purchased from E-TEK was used as received without 

additional treatment for comparison purposes. Its carbon support is Vulcan XC72 and the metal 

weight fraction is 40%. 

II.2.2 Morphological characterizations 

The morphology of the electrocatalysts was analyzed by transmission electron microscopy 

(TEM) and/or scanning transmission electron microscopy (STEM) associated with X-ray energy 

dispersive spectrometry (X-EDS) elemental maps: Annex 2.A provides experimental details for 

these measurements. In addition, X-ray diffraction (XRD) patterns were obtained and Annex 2.B 

gives details of the measurements. 

II.2.3 Electrochemical measurements  

II.2.3.1 Material 

The glassware and plastic accessories used for the experiments were soaked in Caro’s acid 

(1-1 vol.% H2O2 (30 wt.%)-H2SO4 (> 95 wt.%)) overnight to eliminate organic and metallic 

pollution and thoroughly rinsed with ultrapure water (18.2 MΩ cm, < 3 ppb total organic carbon, 

Millipore Elix + Gradient, Millipore) prior to use. The electrochemical measurements were 

recorded thanks to a BioLogic® potentiostat (VMP3). 
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o “Alkaline cell” for BOR activity measurements 

The electrochemical measurements for BOR activity were conducted in a four-electrode 

electrochemical cell with a poly chloro trifluoro ethylene (PCTFE) base in order to avoid glass 

contact with concentrated alkaline solution. The cell was composed of the following electrodes: 

 The reference electrode was a mercury-mercury oxide (Hg/HgO) electrode filled with 

1 M NaOH and connected to the cell via a Lugin capillary filled with 1 M NaOH to avoid 

any pollution by BH4
- ions. The reference electrode was regularly checked with a 

reversible hydrogen electrode (RHE) and its potential was 0.925 V vs. RHE. However, all 

the potentials mentioned in this work are given relative to the RHE; 

 The counter electrode was a glassy-carbon plate connected to the potentiostat with a 

gold wire; 

 An additional electrode (the “fourth electrode”), made of a gold wire, was connected to 

the reference electrode via a capacitor bridge in order to avoid electrical noise [193]; 

 The working electrode was a rotating disk electrode (RDE) made of a glassy-carbon disk 

(0.196 cm2, Sigradur®) on which a small volume of an electrocatalyst suspension was 

deposited. The drop was then dried with a heat gun to ensure the evaporation of the 

solvent while the electrode was rotated, as recommended by Garsany et al. [194] in 

order to obtain homogeneous catalytic layer. The electrocatalysts suspensions were 

prepared by mixing the electrocatalyst powder of choice with ultrapure water, 5 wt.% 

Nafion® solution (Sigma Aldrich) and isopropyl alcohol (IPA) in quantities given in 

Table II.1 and then sonicated during 20 minutes. It is worth mentioning that it was 

decided to work with a constant catalytic layer thickness (so a constant amount of 

carbon), while the metal loading on the electrode varied according to the metal weight 

fraction of the electrocatalyst; this methodology enables to study the influence of the 

Pd sites density on the BOR kinetics. 

Fresh electrolyte solutions (5, 50 or 500 mM NaBH4 in 1 M NaOH) were prepared daily using 

NaBH4 powder (> 98%, Merck) and NaOH-H2O crystals (Suprapur®, Merck) dissolved in ultrapure 

water. All the experiments were performed in deaerated electrolytes by bubbling argon in the 

solutions (Ar, > 99.999%, Messer). The cell was immersed in a thermostatic bath (Julabo) to heat 

the electrolyte at T = 60°C. 
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o “Acidic cell” for COads-stripping measurements 

COads-stripping measurements were also performed in acidic electrolyte to assess the 

electrochemical surface area (ECSA) of the various electrocatalysts. Fresh electrolyte solution 

(0.1 M H2SO4) was prepared using H2SO4 (Suprapur®, Merck) and ultrapure water. The four-

electrode cell used for the COads-stripping measurements was composed of the following 

electrodes: (i) the reference electrode was a freshly-prepared RHE and used during maximum 

2 hours; (ii) the counter electrode was a platinum mesh; (iii) the fourth-electrode was a platinum 

wire and (iv) the working electrode was similar to the one used for the BOR measurements. 

 

Table II.1. Composition of the electrocatalyst suspensions and metal loadings used on the RDE.  

Electrocatalyst Mass of 

electrocatalyst 

 

(mg) 

H2O 

 

 

(µL) 

5 wt.% 

Nafion 

solution 

(µL) 

IPA 

 

 

(µL) 

Volume of ink 

deposited on 

the RDE 

 

(µL) 

Metal loading on 

RDE 

 

(µgmetal cmgeom
-2) 

22 wt.% Pd/C 10 3900 53.5 1650 10 20 

33 wt.% Pd/C 10 3225 46 1250 10 37.2 

44 wt.% Pd/C 10 3200 38.4 1100 10 52 

53 wt.% Pd/C 10 2600 32.2 1000 10 74.4 

20 wt.% Pd/C-

CeO2 
10 2180 27.4 864 10 33.2 

40 wt.% Pt/C 10 3240 41.2 1330 10 44.2 

 

II.2.3.2 Methods 

Linear scan cyclic voltammetry (hereafter simply denoted as cyclic voltammetry, CV) was used 

to get insights into the surface properties and reactivity of the different electrocatalysts. A CV 

consists in scanning the working electrode potential in a triangular profile between a low and 

high value for a fixed scan rate, while measuring the current resulting from the electrochemical 

processes. The following procedures were used: 
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o BOR activity measurements 

a) Ar-bubbling in the supporting electrolyte (1 M NaOH) during 15 minutes to remove all the 

oxygen dissolved in the solution; 

b) 3 CV recorded in the potential range from E = 0.1 to 1.5 V vs. RHE at a potential sweep rate 

ν = 100 mV s-1 and an electrode rotation rate ω = 400 revolution per minutes (rpm) in 

1 M NaOH; 

c) 3 identical CV as in step b) but for ν = 20 mV s-1; 

d) Addition of NaBH4 in the supporting electrolyte; 

e) Ar-bubbling during 15 minutes; 

f) 1 CV recorded from low potential value (which is adapted depending on the NaBH4 

concentration and the electrocatalyst) to E = 1.5 V vs. RHE at ν = 20 mV s-1, this CV being 

repeated for different rotation rates of the RDE in the following order: 400, 900, 1600, 2500, 

0 and 400 rpm. The first BOR CV at 400 rpm was repeated twice and only the second cycle 

is kept. 

 

o COads-stripping measurements 

a) Ar-bubbling in the supporting electrolyte (0.1 M H2SO4) during 15 minutes to remove all the 

oxygen dissolved in the solution; 

b) 15 CV recorded from E = 0.1 to 1.33 V vs. RHE at ν = 50 mV s-1; 

c) CO bubbling during 6 minutes followed by a purge of the solution with Ar bubbling during 

39 min, while the electrode potential was maintained at E = 0.15 V vs. RHE; 

d) 3 CV recorded from E = 0.1 to 1.33 V vs. RHE at ν = 20 mV s-1. 

For both measurements, the Ohmic drop was corrected in dynamic mode at 85% for all the CVs. 

Three different tests were carried out for each electrocatalyst for reproducibility assessment 

and the error bars were calculated using the standard deviation. 

II.3 Analysis of the electrocatalysts morphology  

II.3.1 TEM micrographs 

TEM micrographs of the Pd/C electrocatalysts are displayed in Figure II.2. The images reveal that 

the 22 and 33 wt.% Pd/C are mainly composed of a bimodal population of isolated particles 

(3-5 nm for the small ones, ca. 10 nm for the large ones) and rather small extent of 

agglomerates. The 44 wt.% sample is more heterogeneous, with regions where the Pd NPs are 

rather small and isolated, and others where large agglomerates are encountered. The 53 wt.% 
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electrocatalyst is made of small particles (2-4 nm; larger isolated nanoparticles are also 

encountered, but in a lesser extent than in the other cases) and a lot of agglomerates.  

 

Figure II.2. TEM micrographs obtained on the four Pd/C electrocatalysts: (A) 22 wt.% Pd/C, 

(B) 33 wt.% Pd/C, (C) 44 wt.% Pd/C and (D) 53 wt.% Pd/C. 
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The TEM micrographs of the Pd/C-CeO2 are shown in Figure II.3.A. The poor contrast between 

the Pd NPs and the cerium oxide prevents an easy analysis of the size and dispersion of the Pd 

NPs, as well as of the distribution of CeO2. However, the few isolated particles that could be 

analyzed were rather small (ca. 2 nm). The morphology of this electrocatalyst was further 

analyzed using STEM coupled with X-EDS elemental maps. As an example, a representative 

image is displayed in Figure II.3.B.C. These techniques enabled to reveal that the Pd NPs 

(highlighted in green) are poorly dispersed on the carbon support (highlighted in blue) and the 

CeO2 (highlighted in red) is globally well dispersed with some aggregates at the edge of the 

carbon grains. Overall, this means that nearly all the Pd NPs are in contact with some CeO2. 

 

Figure II.3. (A) TEM micrographs, (B) STEM micrograph and (C) corresponding X-EDS elemental 

map of the 20 wt.% Pd/C-CeO2 electrocatalyst. 

 

II.3.2 XRD diffraction patterns 

The XRD diffraction patterns of the Pd-based electrocatalysts are displayed in Figure II.4. They 

reveal that for the Pd/C electrocatalysts, all the peaks are indexed by the face-centered cubic 

structure of Pd. In the case of Pd/C-CeO2, all the peaks are indexed by the face-centered cubic 

structure of Pd or the cubic structure of CeO2. In addition, no shift of the main peak located at 

2θ ≈ 40 ° is noticeable, indicating that Pd and Ce do not form an alloy: the Pd/C-CeO2 material is 
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a composite composed of Pd/C NPs surrounded by CeO2 crystallites. The crystallites sizes were 

calculated using the Scherrer’s equation: 

with 𝑑 the crystallite size, 𝑘 the shape factor (1), 𝜆 the X-ray wavelength, 𝐻 the integral width 

of the peak, 𝑠 the contribution of peak enlargement due to defects in instrumental optics and θ 

the incident angle. 

The crystallites sizes were calculated from the (111), (220) and (311) peaks for the Pd/C 

electrocatalysts and from the (111) and (311) peaks of palladium for the Pd/C-CeO2; indeed, the 

(220) peak of Pd interferes with the (400) peak of CeO2. The calculations from the different peaks 

lead to similar results, revealing that the crystallites did not experience preferential growth in 

any direction. The crystallites size are summed up in Table II.2 and the error bars come from the 

measurements from the different peaks. 

 

Figure II.4. XRD diffraction patterns of the Pd-based electrocatalysts studied in this work. 

 

 

Scherrer’s equation:  𝑑 =  
𝑘 𝜆

√𝐻2 − 𝑠2 cos θ
 Equation II.3 
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Table II.2. Crystallites size calculated from XRD patterns for the Pd-based electrocatalysts using 

the Scherrer’s equation. 

Electrocatalyst Crystallite size (nm) 

22 wt.% Pd/C 4.8 ± 0.5 

33 wt.% Pd/C 6.3 ± 0.4 

44 wt.% Pd/C 7.5 ± 1.1 

53 wt.% Pd/C 6.0 ± 0.6 

20 wt.% Pd/C-CeO2 4.6 ± 0.7 

 

II.4 Electrochemical surface area measurements 

The determination of the electrochemical surface area (ECSA) of an electrocatalyst, which is the 

real active surface area available to catalyze electrochemical reactions, is crucial in order to 

provide a meaningful comparison of the activity for a given reaction for different materials [195]. 

Several methods (three based on electrochemistry and one based on microscopy) can be applied 

to estimate the ECSA. However, it is worth noting that all of them rely on a number of 

assumptions that can compromise their precision. This is especially the case regarding the 

electrochemical methods with palladium surfaces. The different methods are presented and 

discussed hereafter. 

II.4.1 Existing and possible methods for Pd surfaces 

II.4.1.1 Coulometry of HUPD or PdO reduction  

A typical CV obtained on a Pd/C electrocatalyst in supporting alkaline electrolyte, for 

0.1 < E < 1.5 V vs. RHE, is shown in Figure II.5. During the potential scan, several species can 

adsorb on and desorb from the Pd surface. 

At low potentials, for 0.1 < E < 0.4 V vs. RHE, the electrochemical adsorption of hydrogen occurs 

[196,197]: this phenomenon is called the “hydrogen under-potential deposition” (HUPD), because 

it takes place above the thermodynamic reversible potential of hydrogen evolution reaction 

(HER). Assuming that a monolayer of adsorbed hydrogen covers all metallic NPs, the ECSA can 

be calculated using the coulometry of the HUPD (corrected from the double-layer capacitive 

current), knowing the charge density associated with the adsorption of one monolayer of HUPD. 
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However, in addition to HUPD, Pd surfaces have the ability to absorb hydrogen into the Pd lattice 

from adsorbed hydrogen, to form Pd hydrides [198,199]. It was reported that this process occurs 

concurrently (in similar potential domains) to the under-potential deposition of hydrogen and 

HER for bulk polycrystalline Pd electrodes [200]; however suitable electrochemical conditions 

can enable to separate the specific features of HUPD, H absorption and HER for nano-

architectured Pd electrodes [201]. Nevertheless, in most cases, it is complicated to differentiate 

the corresponding charge density values between the adsorption and absorption processes, and 

the HUPD method is almost never used to quantify the ECSA of Pd surfaces. 

At higher potentials, from E = 0.6 - 0.7 V vs. RHE, oxygenated species can adsorb on Pd to form 

Pd oxides (PdO, PdOH; hereafter, Pd oxides will be abbreviated as the generic notation PdO) 

[202]. On the cathodic sweep, the peak located around 0.7 V vs. RHE in the present experimental 

conditions (see Figure II.5) corresponds to the reduction of PdO. In their review, Grden et al. 

[202] indicate that the charge associated to the reduction of the first monolayer of PdO formed 

on the metal surface is 424 µC cmPd
-2, this value being based on the work of Rand and Woods 

[203]. Other studies report values that vary from 405 to 424 µC cmPd
-2 [67,107,204–209]. Thus, 

in a similar manner to HUPD, the coulometry of the reduction of one monolayer of PdO (QPdO, µC, 

corrected from the double-layer capacitive current) can be used to calculate the ECSA (cm2) 

using Equation II.4. However, the high potential value of the CV must be chosen correctly in 

order to form one full PdO monolayer (no less, no more) [210], the potential sweep rate having 

less impact [210,211]. Grden et al. [202] indicate that the potential limit of the formation of the 

first monolayer of PdO is in the potential range 1.45 - 1.5 V vs. RHE. In addition, the formation 

and desorption of the PdO depends on the particles size of the electrocatalyst: several authors 

[204–206,212] have reported that the peak corresponding to PdO reduction shifts to more 

negative potentials with decreasing particle size of Pd, indicating that the adsorption of oxygen-

containing species is stronger on small particles; this phenomenon is also observed for Pt/C 

catalysts [213]: smaller NPs are more oxophillic (less noble) than larger ones. It is not reported 

whether the presence of metal oxide (e.g. CeO2) affects or not the peak potential of PdO 

reduction, but this is likely. 

  ECSAPdO =  
𝑄PdO

424
 Equation II.4 
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Figure II.5. Cyclic voltammogram obtained for a Pd/C electrocatalyst in 1 M NaOH. 

Conditions: Ar-saturated electrolyte, ν = 20 mV s-1, T = 25°C. 

 

II.4.1.2 Coulometry of COads-stripping 

The COads-stripping coulometry is a widely-used method to calculate the ECSA of Pt-based 

surfaces [214]. This method, generally used in acidic electrolyte, consists in: (i) the adsorption 

of CO on a Pt surface at low potential (typically 0.1 V vs. RHE), (ii) the removal of the remaining 

CO in the electrolyte and (iii) the stripping of COads from the Pt surface by increasing the 

electrode potential using three successive CV. A typical COads-stripping voltammogram obtained 

on a Pt/C electrocatalyst in acidic media is presented in Figure II.6: the green-stripped area 

corresponds to the total charge necessary to electrooxidize one monolayer of COads (QCO, µC), 

the third CV cycle being used as baseline to integrate the peak. CO molecules can adsorb in a 

linear, bridged or threefold mode on 1, 2 or 3 atoms of Pt respectively, but the linear mode is 

predominant for Pt surfaces. Thus, the ECSA (cm2) can be calculated using Equation II.5, 

assuming that all particles are covered by a monolayer of COads molecules in a linear mode and 

that the charge density associated with the adsorption of one monolayer of COads is 

420 µC cmPt
-2.  

  ECSACO =  
𝑄CO

420
 Equation II.5 
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Figure II.6. COads-stripping CV obtained on a Pt/C catalyst in 0.1 M H2SO4, ν = 20 mV s-1, 

T = 25°C. 

 

For Pd surfaces, it was reported that CO adsorption occurs in both linear and bridged 

configurations [215,216], the bridged configuration being sometimes announced as the main 

mode [217]. In addition, some researchers perform CO-adsorption at a potential between 0.3 

and 0.4 V vs. RHE in order to avoid any interference from hydrogen absorption [212,218,219]. 

This precaution does however not seem necessary, since CO-adsorption blocks the hydrogen 

adsorption and absorption processes [215,218,220]; it can even be considered detrimental, 

owing to the fact that CO adsorption might not be quantitative above 0.3 V vs. RHE. The charge 

density associated with the adsorption of one monolayer of COads is similar for Pt and Pd surfaces 

(420 µC cmPd
-2) [207,212,221,222]. A typical COads-stripping on Pd/C is shown in Figure II.7. To 

the author’s knowledge, no study has reported the agreement between the COads-stripping 

method with other electrochemical method to estimate the ECSA of carbon-supported Pd 

electrocatalysts, so far.  
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Figure II.7. COads-stripping CV obtained on a Pd/C electrocatalyst in 0.1 M H2SO4, ν = 20 mV s-1, 
T = 25°C. 

 

II.4.1.3 TEM micrographs 

TEM micrographs enable to build the particle size distribution (PSD) of an electrocatalyst based 

on the analysis of a statistically-relevant number of NPs, provided their shapes and sizes are not 

too heterogeneous. Classically, counting at least 200 NPs (isolated and round shape) is sufficient. 

From the PSD, the number-averaged diameter (𝑑n
̅̅ ̅, nm) and the surface-averaged diameter 

(𝑑s
̅̅ ̅, nm) are determined according to Equation II.6 and Equation II.7 respectively, where 𝑛i 

stands for the number of particles having the diameter 𝑑i and 𝑁 is the total number of the 

counted particles.  

The value 𝑑n
̅̅ ̅ is the average mathematical diameter of the particles, whereas 𝑑s

̅̅ ̅ is the diameter 

related to the average surface area of the particles; the latter enables to calculate the specific 

surface area (STEM, m2 g-1) of the electrocatalyst according to Equation II.8 with ρ the density of 

  𝑑n
̅̅ ̅ =  

∑ 𝑛i
N
i=1 𝑑i

𝑛i
 Equation II.6 

 𝑑s
̅̅ ̅ =  

∑ 𝑛i
N
i=1 𝑑i

3

𝑛i𝑑i
2  Equation II.7 
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the metal (11.99 g cm-3 for Pd). From this value, the ECSA (cm2) can be calculated and compared 

with the values obtained from the electrochemical methods described above using Equation II.9 

with 𝐿metal (µgmetal cmgeom
-2) the metal loading on the electrode and 𝑆geom (cm2) the geometrical 

surface area of the electrode. 

 

 

This microscopy-based method matches well with electrochemical method in the condition that 

the NPs are well dispersed on the support and poorly agglomerated, as it is the case in the study 

of Durst et al. [221] who found a very good agreement between ECSATEM and ECSACO for Pd/C 

electrocatalysts. However, Mittermeier et al. [212] indicated that ECSATEM was 25-30% lower in 

comparison to ECSACO when the electrocatalysts were made of small NPS (ca. 3 nm); on the 

contrary, for electrocatalysts made of bigger NPs (ca. 7 nm), ECSATEM was 6-fold higher than 

ECSACO.  

II.4.2 Comparison of ECSAPdO and ECSACO  

In the light of the earlier discussion, the comparison of ECSA determination methods seemed 

essential for the Pd/C and Pd/C-CeO2 electrocatalysts. Thus, the methods based on the 

coulometry of PdO reduction and the coulometry of COads-stripping were used and compared to 

calculate the ECSA of two Pd/C electrocatalysts among the five studied in this work, namely the 

22 wt.% Pd/C and the 53 wt.% Pd/C, and the results are shown in Figure II.8. For the method 

based on the coulometry of PdO reduction, the high value of the vertex potential of the CV was 

1.5 V vs. RHE and the ECSA was calculated using Equation II.4; for the method based on the 

coulometry of COads-stripping, the CO was adsorbed at 0.15 V vs. RHE and the ECSA was 

calculated using Equation II.5. 

  𝑆TEM  =  
6000

ρ ×  𝑑s
̅̅ ̅ 

 Equation II.8 

 ECSATEM =  
𝑆TEM ×  𝐿metal ×  𝑆geom

100
 Equation II.9 
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Figure II.8. Electrochemical surface area (ECSA) and specific surface area (SPd) of two Pd-based 

electrocatalysts studied in this work estimated using the coulometry of the reduction of PdO in 

alkaline media (1 M NaOH) or the coulometry of the COads-stripping in acidic media 

(0.1 M H2SO4) at T = 25°C. 

One can note that the two methods are in reasonable agreement for the two materials. In both 

cases, ECSACO is higher than ECSAPdO (by 12% for 22 wt.% Pd/C and 14% for 53 wt.% Pd/C). In 

addition, the error bars, calculated using the standard deviation, are close for both methods: 14 

and 7% (for 22 wt.% Pd/C and 53 wt.% Pd/C respectively) when using the PdO reduction 

coulometry; 19 and 3% (for 22 wt.% Pd/C and 53 wt.% Pd/C respectively) when using the 

coulometry of COads-stripping. These results indicate that both methods seem suitable for an 

accurate estimation of the ECSA of the Pd/C electrocatalysts studied in this work. 

For comparison purposes, the ECSA was also calculated using the microscopic-based method. 

However, the low definition of the particles and the presence of many agglomerates did not 

enable to count enough isolated particles to establish a sufficiently-representative statistic (only 

133 particles were counted for 22 wt.% Pd/C and 52 for 53 wt.% Pd/C). The ECSATEM is 146 

m2 gPd
-1 for 22 wt.% Pd/C and 188 m2 gPd

-1 for 53 wt.% Pd/C which is 6 to 10-fold higher than 

ECSAPdO: these values are obviously overestimated and absolutely not accurate, and 

demonstrate that the small, isolated and round-shaped NPs of Pd are not-at-all representative 

of the Pd/C samples (which was obvious on the TEM micrographs of Figure II.2). The use of this 

method seems to be reserved for electrocatalysts with very well dispersed and rather small 

particles (3-4 nm), i.e. not for the present electrocatalysts. 
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Finally, the method using the coulometry of PdO reduction was used to calculate the ECSA and 

the specific surface area of all the Pd-based electrocatalysts and the results are summed up in 

Table II.3: they indicate that all the electrocatalysts display similar specific surface area, from 18 

to 25 m2 gPd
-1. Note that for the Pd/C-CeO2 electrocatalyst, the calculation of ECSA was double-

checked with COads-stripping, because we did not know how the presence of CeO2 could disrupt 

the measurement. Both methods lead to relatively similar results: 18 m2 gPd
-1 for the former and 

22 m2 gPd
-1 for the latter. In the case of the commercial Pt/C studied for comparison purposes, 

only the method using COads-stripping was used. 

 

Table II.3. Specific surface area of the catalysts studied in this work calculated using the 

coulometry of PdO reduction for Pd-based electrocatalysts and COads-stripping for Pt/C. 

Electrocatalyst S (m2 gmetal
-1) 

22 wt.% Pd/C 23 ± 3 

33 wt.% Pd/C 18 ± 2 

44 wt.% Pd/C 25 ± 2 

53 wt.% Pd/C 18 ± 1 

20 wt.% Pd/C-CeO2 18 ± 5 

40 wt.% Pt/C 55 ± 4 

 

II.5 Study of the BOR activity on the Pd-based electrocatalysts 

II.5.1 Electrochemical behavior 

II.5.1.1 Surface characterization in supporting electrolyte 

Before measuring the BOR activity, the catalytic surfaces of each electrocatalyst was firstly 

characterized in the supporting electrolyte (1 M NaOH). The corresponding CVs are displayed in 

Figure II.9. The current densities are relative to the ECSA of each electrocatalyst. 
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Figure II.9. CV obtained on the Pd-based electrocatalysts studied in this work in supporting 

electrolyte. Conditions: Ar-saturated 1 M NaOH, T = 60°C, ν = 20 mV s-1, ω = 400 rpm. 

In the potential range 0.1 < E < 0.4 V vs. RHE, one can observe the peaks related to hydrogen 

adsorption on the backward scan (potential sweep towards negative values) and hydrogen 

desorption on the forward scan (potential sweep towards positive values) located at 0.28 and 

0.32 V vs. RHE, respectively. The presence of CeO2 does not affect the position of those peaks, 

but the current densities obtained with the Pd/C-CeO2 electrocatalyst are higher than those 

obtained for the Pd/C electrocatalysts, as already observed by Miller et al. [184] and Bambagioni 

et al. [223]. This current increase could be due to dual hydrogen adsorption on Pd NPs and on 

CeO2. Indeed, according to the work of Bernal et al. [224], hydrogen can adsorb on ceria surface 

via an exclusive surface process, but cannot lead to the formation of ceria bronzes, which are 

non-stoichiometric compounds (HxCeO2), as proposed earlier in the literature [225]. This 

situation differs, as an example, to that of Pt NPs supported on tungsten oxide (the presence of 

Pt catalyzes the formation of hydrogen tungsten bronzes (HyWOx) [226,227]). 

At higher potentials, one can observe the features related to the formation (above 

E = 0.7 V vs. RHE on the forward scan) and the reduction (below E = 0.8 V vs. RHE on the 

backward scan) of Pd oxides. The position of the current peak associated to the reduction of 

PdO is rather similar for the four Pd/C electrocatalysts (around 0.7 V vs. RHE), but the very small 

shift of this peak could enable to rank the Pd/C electrocatalysts in the order from smaller to 

bigger NPs as 53 < 33 < 22 < 44 wt.% Pd/C (this dependence of PdO reduction peak on the 
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average Pd NP size was discussed in section II.4.1.1). However, this trend is not in agreement 

with the TEM and XRD observations. Being admitted that (i) the Pd NPs are obviously composed 

of bimodal population and non-negligibly agglomerated in these samples, and (ii) the differences 

of PdO reduction peak are very subtle, we think wise not to discuss any further these values at 

that stage. For the Pd/C-CeO2 catalyst, this peak is located at 0.68 V vs. RHE. This shift towards 

negative potential can indicate that: (i) Pd NPs are smaller than the Pd NPs present in the Pd/C 

electrocatalysts, which is in agreement with the TEM micrographs observations (see section 

II.3.1 and Figure II.2) and/or (ii) that the formation of Pd oxides is less reversible due to a slower 

oxide formation/reduction in presence of ceria. This observation can be linked to previous 

works: in the case of Pt NPs supported on titanium or tungsten oxide (TiOx, WOx) [228,229], a 

decrease of the signal linked to the formation and reduction of Pt oxides as well as a shift of the 

peak of the PtO reduction towards negative potentials were observed; Hayden et al. associated 

these phenomena to slower kinetics of the formation of oxides/hydroxides on the Pt NPs 

deposited on such supports [230]. However, in our case, the current densities linked to the 

formation of Pd oxides on the Pd/C-CeO2 electrocatalyst are rather similar to the current 

densities obtained on the Pd/C electrocatalysts. Thus, the presence of small Pd NPs seems to be 

responsible for the shift of the PdO reduction peak towards negative potentials. 

II.5.1.2 BOR evaluation 

The kinetics and the activity of each electrocatalyst towards the BOR was investigated for three 

NaBH4 concentrations at high temperature (T = 60°C). A CV obtained on each material for an 

electrode rotation rate of 1600 rpm is displayed in Figure II.10.A.B.C for 5, 50 and 500 mM NaBH4 

(in 1 M NaOH) respectively. As specified in the experimental section, the catalytic layer thickness 

(i.e. the amount of carbon deposited on the electrode) is kept identical for all the 

electrocatalysts (this thickness having a strong influence on the results obtained, as 

demonstrated for Pt/C-based electrodes [123]). Thus, an electrocatalyst with high metal weight 

fraction automatically leads to a high metal loading on the electrode. The current densities 

presented in Figure II.10 were obtained by dividing the current by the corresponding ECSA (cm2) 

of each electrocatalyst. CVs were also plotted by dividing the current by the electrode’s 

geometric area (only for 5 and 50 mM NaBH4): these CVs are presented in Figure A.4 in Annex 4. 

To analyze the mass-transport limitations, CVs obtained on one of the Pd/C electrocatalyst (the 

22 wt.% Pd/C) for four electrode rotation rates and the three NaBH4 concentrations are 

displayed in Figure II.11 (the trend observed is similar for all the electrocatalysts). In addition, 

the recent publication of Braesch et al. [105], who investigated the BOR for the same NaBH4 
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concentrations but on bulk polycrystalline Pd electrode for T = 20°C, will be a very good basis to 

compare and discuss the results presented below. More precisely, these authors used RDE to 

characterize the BH4
- electrooxidation and differential electrochemical mass spectroscopy 

(DEMS) to study H2 generation and escape in order to get insights into the BOR mechanism on 

Pd surfaces. 

o BOR analysis for 5 mM NaBH4 

For the lowest NaBH4 concentration, the onset potential (Eonset), defined for j = 0 A, is in the 

potential range from -90 to -155 mV vs. RHE for the Pd-based electrocatalysts and 

is -25 mV vs. RHE for the Pt/C electrocatalyst. This potential corresponds to the start of the BOR 

and will be further discussed in the next section. In addition, two main humps are noticeable on 

the CVs obtained on the four Pd/C electrocatalysts: the first one is located in the potential range 

from 0.1 to 0.4 V vs. RHE; the second one is located in the potential range from 0.5 to 

0.8 V vs. RHE. In both cases, the potential of the hump is shifted positive in the order 53 < 44 < 

33 < 22 wt.% Pd/C. It is interesting to compare this observation with the work of Olu et al. [69], 

who studied the BOR on well-defined Pt NPs supported on smooth glassy carbon, for 1 mM 

NaBH4 and T = 20°C. They observed faster kinetics and larger faradaic efficiency for larger 

particles diameter (4 vs. 2 nm) and shorter inter-particle distance (7 vs. 11 nm), indicating a clear 

influence of the electrocatalyst morphology on the BOR activity, as it is the case for many other 

electrochemical reactions [159,213,230–232]. In our case, the TEM micrographs (Figure II.3) 

revealed that the Pd/C electrocatalysts are composed of poorly defined NPs, with a mix of small, 

big, and agglomerated NPs. Thus, it seems that a high metal weight fraction, and consequently, 

a high Pd sites density (to some extent, because higher metal weight fraction also leads to more 

agglomerates), could account for the apparent better BOR kinetics on the Pd/C electrocatalysts 

with high metal weight fraction. Above 0.8 V vs. RHE, the current density starts to decrease 

rapidly (on the 22 and 33 wt.% Pd/C) or slowly (on the 44 and 53 wt.% Pd/C) owing to the 

formation of Pd surface oxides that lead to the passivation of the electrode. In addition, the 

current density recorded in the potential range from E = 0.4 to 0.8 V vs. RHE for ω = 1600 rpm 

are twice higher than those recorded at ω = 400 rpm (see Figure II.11), indicating that the 

kinetics is controlled by the BH4
- diffusion/convection in this potential range. These observations 

are in line with the study of Braesch et al. [105]: for 5 mM NaBH4, the authors identified a first 

hump located at E = 0.3 V vs. RHE and a sharp peak located at E = 0.8 V vs. RHE followed by a 

slow passivation of the electrode by Pd oxides. 
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Interestingly, the CV obtained on the Pd/C-CeO2 electrocatalyst is slightly different from the 

Pd/C electrocatalysts. The two humps mentioned above are not noticeable, but instead, the 

current increases continuously from E = 0 to 0.8 V vs. RHE and remains rather constant above 

0.8 V vs. RHE instead of dropping. The presence of ceria seems to have antagonistic influences; 

on the one hand it prevents the complete deactivation of the electrode (at high potential values, 

a positive effect in theory, but practically not interesting because it occurs at too high potential 

to be relevant for a DBFC anode), but on the other hand seems to delay the BOR towards larger 

potential values (a negative effect). The presence of ceria may affects the oxidation state of the 

Pd NPs, as already put forth by Miller et al. [184], who reported that Pd NPs in Pd/C-CeO2 

electrocatalyst were mostly oxidized, while Pd NPs were mostly in their metallic state in a Pd/C 

electrocatalyst. Thus, the formation of Pd oxides at high potential may process differently for 

the Pd/C-CeO2 electrocatalyst than for Pd/C, thereby explaining the incomplete deactivation of 

the electrode. Another reason could be that the formation and disinsertion of Pd hydrides (PdH) 

could be blocked or limited by the presence of ceria. Indeed, Braesch et al. [105] reported that 

PdH formation should be taken into account in the BOR mechanism on Pd surfaces. The authors 

suggested that at low potential, the full dissociation of BH4
- into BHads + Hads is followed by the 

absorption of Hads into the Pd lattice. However, the disinsertion of hydrogen can only proceeds 

at relatively high potential in presence of NaBH4 (ca. 0.8 V vs. RHE) since other intermediates 

species of the BOR may adsorb on the Pd surface and block the disinsertion of PdH.  

For comparison purposes, since Pt/C can be considered as a reference electrocatalyst for the 

BOR [60], the CV obtained on this material is also displayed in Figure II.10. The BOR kinetics on 

Pt/C is significantly faster than for the Pd-based electrocatalysts in the potential range from 0 to 

0.1 V vs. RHE, because Pt/C is an efficient electrocatalyst for the HOR. However, from 

E = 0.1 V vs. RHE, the current density increases less rapidly and it remains constant from E = 0.2 

to 0.6 V vs. RHE, owing to the poisoning of Pt sites by BHads, according to the BOR mechanism 

described in the previous chapter. 

For such NaBH4 concentration, thanks to DEMS measurements, Braesch et al. [105] identified 

that gaseous hydrogen was generated in the potential range from E ≈ 0 to 0.3 V vs. RHE, but H2 

was electrooxidized only from E = 0.3 to 0.8 V vs. RHE. However, when the potential exceeded 

0.8 V vs. RHE, H2 was not electrooxidized anymore, since Pd oxides prevent the electrooxidation 

of BH4
- and H2 species. In our case, it is likely that more H2 escapes from the electrode, because 

the BOR is studied at higher temperature (60°C), favoring the heterogeneous hydrolysis of BH4
-.  
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o BOR analysis for 50 mM NaBH4 

For higher NaBH4 concentration, the onset potential is negatively-shifted, in the potential range 

from -140 to -200 mV vs. RHE for the Pd-based electrocatalysts; it is -50 mV vs. RHE for Pt/C. The 

CVs shape obtained on the different electrocatalysts are rather similar to the ones obtained for 

5 mM NaBH4. However, one can notice that the CVs are shifted towards positive potentials, 

indicating more severe limitation from the charge transfer kinetics (there are more BH4
- species 

to be electrooxidized); the mass-transport limitation is generally similarly-observed between 5 

and 50 mM NaBH4, although of course with ca. 10-fold larger limiting currents at 50 vs. 5 mM 

NaBH4 (see Figure II.11). The two humps identified earlier on the Pd/C electrocatalysts are now 

located in the potential range from 0.4 to 0.6 V vs. RHE (instead of 0.1 to 0.4 V vs. RHE) and from 

0.9 to 1 V vs. RHE (instead of 0.5 to 0.8 V vs. RHE); this is also in line with the results obtained by 

Braesch et al. [105], who identified those humps at E = 0.5 and 1 V vs. RHE, respectively. Above 

E = 1 V vs. RHE, the current densities decrease rapidly. The Pd sites density seems to affect the 

BOR kinetics in a similar manner than for 5 mM NaBH4. 

The modifications of the CVs observed for the Pd/C electrocatalysts are also observed for the 

Pd/C-CeO2 electrocatalyst: the general shape is rather unchanged compared to 5 mM NaBH4, 

but the charge-transfer kinetics is more limiting and the current density plateau starts later, for 

E ≈ 1 V vs. RHE (instead of 0.8 V vs. RHE). 

In the case of Pt/C, the same modifications are noticed: the BOR kinetics slows down and the 

electrode surface starts to be poisoned from E = 0.3 V vs. RHE (instead of 0.2 V vs. RHE). 

DEMS measurements performed by Braesch et al. with 50 mM NaBH4 [105] revealed that the 

faradaic current and the equivalent H2 escape current were 10-fold higher in comparison to 

5 mM NaBH4, suggesting that the two currents were linked to the same process. However, the 

evolution of the faradaic current was slightly different from the CVs obtained on bulk 

polycrystalline Pd, electrode since the electrode used for DEMS measurements had a porous 

structure (sputtering deposition from massive Pd); anyways, the results indicated that H2 

escapes from E = 0 to 0.9 V vs. RHE and not above E = 0.9 V vs. RHE, where it is either not 

generated or quantitatively oxidized. 
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Figure II.10. BOR voltammograms obtained on the electrocatalysts studied in this work for (A) 

5 mM NaBH4, (B) 50 mM NaBH4 and (C) 500 mM NaBH4 in 1 M NaOH. 

Other conditions: Ar-saturated electrolytes, T = 60°C, ν = 20 mV s-1, ω = 1600 rpm. 
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Figure II.11. BOR voltammograms obtained on the 22 wt.% Pd/C electrocatalyst for different 

electrode rotation rates and for (A) 5 mM NaBH4, (B) 50 mM NaBH4 and (C) 500 mM NaBH4 in 

1 M NaOH. Other conditions: Ar-saturated electrolytes, T = 60°C, ν = 20 mV s-1. 
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o BOR analysis for 500 mM NaBH4 

For the highest NaBH4 concentration, the onset potential further shifts negative, in the potential 

range from -170 to -230 mV vs. RHE for the Pd-based electrocatalysts and to -70 mV vs. RHE for 

Pt/C. The CVs shape are very different from the lower NaBH4 concentrations but remain identical 

for all the electrocatalysts: the current density increases continuously and significantly from 

E = 0.35 V vs. RHE and the electrochemical signals are very noisy. In addition, all the CVs are 

shifted towards positive potentials in comparison to 5 and 50 mM NaBH4: it is clear that the 

charge transfer kinetic is limiting for the BOR in that case. Besides, it is not clear how the BOR is 

influenced by the quantity of electrocatalyst. Indeed, for the Pd/C electrocatalysts, the BOR 

kinetics is better in the following order: 22 > 53 > 33 > 44 wt.% Pd/C. The comparison of the CVs 

obtained on Pd-based electrocatalysts and on the Pt/C electrocatalyst points out the better BOR 

kinetic on Pd surfaces for high NaBH4 concentration.  

For such concentration, DEMS measurements [105] showed that H2 escaped from the electrode 

but was not electrooxidized on the whole potential range (from E = -0.2 to 1.5 V vs. RHE). 

In the light of these observations, it seems that for high NaBH4 concentration, the HOR prevails 

on the BOR because the heterogeneous hydrolysis is enhanced. The high amount of H2 bubbles 

is most certainly at the origin of the very noisy electrochemical signal: the bubbles form at the 

electrode surface thereby modifying the amount of Pd sites available for the BOR. Increasing the 

electrode rotation rate from 400 to 2500 rpm (see Figure II.11) enables to decrease the noise of 

the signal, likely owing to the better evacuation of the H2 bubbles from the electrode surface. In 

addition, the very slow BOR apparent kinetics observed for this concentration might be ascribed 

to non-negligible poisoning of the Pd surfaces in these conditions. However, it is also likely that 

the BOR kinetics might have been limited by the low concentration and diffusion of OH-, since 

the [OH-]/[BH4
-] ratio is only two in the present conditions. Indeed, Yang et al. [233] investigated 

the BOR on Au/C and Ag/C electrocatalysts for various [OH-]/[BH4
-] ratio, and their results 

revealed that when this ratio is below five, H2 escapes from the electrode, the faradaic efficiency 

decreases and the BOR kinetics is slow.  
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To sum up, the comparison of the CVs obtained on all the electrocatalysts for the three NaBH4 

concentrations enabled to highlight several observations: 

 Increasing the NaBH4 concentration up to 50 and 500 mM leads to higher surface 

poisoning and points towards limiting charge transfer kinetics, which is not desirable to 

reach high BOR activity; however, the current densities obtained at 50 mM are 10-fold 

higher in comparison to 5 mM, showing that for these concentrations, the BOR is mass-

transport limited (at sufficient high potential); 

 For the highest NaBH4 concentration, the low OH- concentration used here might 

account for the very slow BOR kinetics; 

 A high amount of Pd (so a high Pd sites density) enables to enhance the BOR kinetics 

when the NaBH4 concentration is 5 and 50 mM, but the influence of the Pd sites density 

does not show particular trend for 500 mM NaBH4; 

 Contrary to our expectations, the presence of ceria does not seem to help the BOR 

processes and the BOR current densities are even lower on the Pd/C-CeO2 

electrocatalyst than on the Pd/C for 5 and 50 mM NaBH4;  

 At low potential values and low NaBH4 concentrations (5 and 50 mM), the Pd-based 

electrocatalysts exhibit slower BOR kinetics than Pt/C, in agreement with the literature 

[70]; however, for the highest NaBH4 concentration, the BOR kinetics is faster on Pd-

based electrocatalysts in comparison to Pt/C. 

 

In addition to the CVs shape analysis, one of the main goals in electrocatalysis is to evaluate and 

compare the catalytic activity obtained on various electrode material. The specific approach 

used for the case of the BOR needs to be further discussed, which will be attempted hereafter. 

II.5.2 Activity markers 

The previous CVs of BOR activity on the Pd-based electrocatalysts have been analyzed in a very 

basic manner: the BOR activity was only evaluated based on the value of the onset potential and 

the limiting currents, a simplistic strategy which is often (and most widely) adopted in the 

literature [46,66,67,70,123,234]. This makes the analysis of the BOR kinetics vague and poorly 

quantitative; the attempts of Santos et al. to analyze the BOR kinetics based on non-stationary 

voltamperometry (see e.g. [235,236]) are interesting, but cannot be considered reliable for such 

a reaction, owing to its inherent complexity and to the possibility of surface hindering/poisoning 

by H2 bubbles and adsorbed boron “poisons”. In order to go beyond these limitations, activity 
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markers shall be defined, as it is for example the case of the mass and specific activities that are 

measured/calculated for the oxygen reduction reaction in proton exchange membrane fuel cell 

electrocatalysis [213]. 

There are many possible such markers which could be defined; the onset potential and the 

current densities (extracted from the CV on the forward scan) obtained at low potentials, more 

precisely at E = 0 and 0.2 V vs. RHE, are relevant activity markers since the BOR can, in theory, 

proceed at low potential. We decided also to consider the current density at E = 0.5 V vs. RHE, 

because this potential corresponds to the value of the anode potential when the maximum 

power density is reached in a real DBFC [70]. However, to measure the catalytic activity of a 

given reaction, one needs to access the kinetic current only, since the total faradaic current (jtot,F) 

is function of the kinetic current (jK); jk depends on the electrode potential, and the current 

limited by the diffusion/convection (jlim), which does not depend on the electrode potential, but 

rather on the electrode rotation rate, as illustrated by the Koutecky-Levich equation 

(Equation II.10) [237]. This expression can be modified when the reaction proceeds in a thick 

film of catalyst [238], but in the present case, the Pd/C loadings where kept sufficiently small to 

avoid mass-transport limitation in the thin-film. 

 

To estimate the limiting current, the use of the rotating disk electrode enables to set a forced 

convection regime and to obtain a stationary diffusion regime. Under the influence of the 

centrifugal force, an electrolyte flow perpendicular to the electrode plane is formed and is then 

evacuated from the center to the edge of the electrode. Solving the hydrodynamic equations 

enables to access the current limited by the diffusion/convection process. Thus, one can use the 

Levich equation to calculated the expected value of the limiting current density (𝑗lim, Equation 

II.11), with 𝑛 the number of electrons involved in the reaction, 𝐹 the Faraday’s constant (A mol-

1), 𝐷 the diffusion coefficient of the reactant (cm2 s-1), 𝜈 the cinematic viscosity of the electrolyte 

(cm2 s-1), 𝑐0 the reactant concentration (mol cm-3) and ω the electrode rotation rate (rad s-1). 

 

Koutecky-Levich 

equation: 

1

𝑗tot,F
=  

1

𝑗K
+

1

𝑗lim
 Equation II.10 

Levich equation: 𝑗lim = 0.62 𝑛 𝐹 𝐷
2
3 𝜈

−1
6  𝑐0 ω

1
2 Equation II.11 
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1

𝑗K
 can be determined using the limit value of 

1

𝑗tot,F
 when ω tends towards infinite [237]. In 

practice, several voltammograms are recorded for various electrode rotation rate; then, the 

graph 1/jtot, F (for a given potential) is plotted versus 1/ω1/2. The value jK can be obtained with 

the zero-abscissa point. 

However, the kinetic current can also be determined, in a more direct way, using the Koutecky-

Levich equation written as: 

with 𝑗lim the current limited by the diffusion/convection for a potential situated a few tens of 

millivolts above the equilibrium potential on the CVs. 

In addition, the Tafel relation can also be used (once the total faradaic current is corrected from 

the mass-transport) to access the exchange current density j0 and the Tafel slope that gives 

insights into the charge transfer kinetic process: 

with 𝛼 the transfer coefficient, 𝑅 the universal gas constant, 𝑇 the temperature, and 𝜂 the 

overpotential. 

This methodology is very classical in electrocatalysis. However, in the case of the BOR, the 

determination of the kinetic currents is not straightforward, and potentially not relevant, for 

several reasons: 

1) The electrocatalyst surface is subject to poisoning by BOR intermediates, thereby 

leading to unknown extent of available active sites in operation; 

2) The evolution of gaseous hydrogen generates bubbles, which can partially block a part 

of the electrocatalyst ECSA, thereby impacting (decreasing) the kinetic current and 

creating a noisy electrochemical signal; this is especially the case for high NaBH4 

concentrations (> 100 mM); 

3) The BOR mechanism is not well known, so the limiting current that should be reached is 

not known (the number of electrons exchanged depends on the electrode potential and 

BOR completion); 

4) The BOR completion may depend on the residence time of the reactants, intermediates 

and products, so it is very important to fix the active layer thickness (hence the operating 

  𝑗K  =  
𝑗lim × 𝑗tot,F

𝑗lim− 𝑗tot,F
  Equation II.12 

Tafel equation:  log (
𝑗𝑘

𝑗0
) =  

𝛼𝐹

𝑅𝑇
 ×  𝜂 Equation II.13 
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conditions of the present study) and to have a rather small thickness to avoid side 

reactions and gradients of concentration for the active species in the active layer; 

5) The definition of the electrocatalyst surface highly depends on the “history” of the 

electrode (owing to poisoning and bubbles, but also to the possible accumulation of 

boron oxide products, not speaking from durability issues on the long-term, which will 

be addressed in the next chapters of the present thesis). 

 In addition, all of the process mentioned above highly depend on the nature and structure of 

the electrocatalyst. One understands that the use of the conventional methods to calculate the 

kinetic current, which are efficient in the case of the oxygen reduction reaction for example, is 

very tricky and leads to uncertain values in the case of the BOR. Moreover, the concentration of 

NaBH4 used in this work (5, 50 and 500 mM) are high, and the diffusion coefficients of BH4
- in 

the conditions of the study (high temperature) are, based on the work of Chatenet et al. [90], 

around 3.7 10-5 cm2 s-1 which is, for comparison, twice higher than the diffusion coefficient of 

dissolved oxygen. Then, we postulate that the mass-transport should not be very limiting in the 

conditions of the study and this is why we chose to neglect any mass-transport correction.  

However, we decided to test our hypothesis and to plot the BOR CVs corrected from the mass-

transport using Equation II.12 for 5 and 50 mM NaBH4 concentrations only (at 500 mM, we 

consider that the mass-transport is not limiting since the BOR CVs are almost overlapping for all 

the electrode rotation rates at low potential values). We chose to take as jlim value the current 

value of the peak located at E = 0.8 and 1 V vs. RHE on the forward scan for 5 and 50 mM NaBH4 

concentrations respectively. For comparison purposes, the (potential) theoretical value of jlim 

was also calculated using Equation II.11 with 𝑛 = 8 electrons, 𝐷 = 3.71 10-5 and 3.63 10-5 cm2 s-1 

for 5 and 50 mM NaBH4 respectively, 𝜈 = 9 10-3 and 8.4 10-3 cm2 s-1 for 5 and 50 mM NaBH4 

respectively, and ω = 1600 rpm; the values of 𝐷 and 𝜈 come from the study of Chatenet et al. 

[90] for experimental conditions that most closely correspond to those of this work. Table II.4 

gathers the jlim values obtained for all the electrocatalysts.  
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Table II.4. Comparison of the jlim values obtained from the Levich equation or directly extracted 

from BOR CVs. 

Electrocatalyst 5 mM NaBH4 50 mM NaBH4 

jL, theoretical 

(mA cmgeom
-2) 

jL,measured 

(mA cmgeom
-2) 

jL, theoretical 

(mA cmgeom
-2) 

jL,measured 

(mA cmgeom
-2) 

22 wt.% Pd/C 

76 

72 ± 3 

753 

709 ± 42 

33 wt.% Pd/C 68 ± 9 733 ± 59 

44 wt.% Pd/C 74 ± 6 832 ± 5 

53 wt.% Pd/C 76 ± 1 917 ± 62 

20 wt.% Pd/C-CeO2 68 ± 3 495 ± 7 

40 wt.% Pt/C 71 ± 1 723 ± 21 

 

One can notice that for 5 mM NaBH4, the jlim values are rather consistent with the theoretical 

value for nearly all electrocatalysts (22, 44 and 53 wt.% Pd/C and Pt/C), indicating that 

8 electrons are reached for E = 0.8 V vs. RHE and that the hypotheses for the calculation are 

verified. For the other two electrocatalysts (33 wt.% Pd/C and Pd/C-CeO2), the measured jlim 

value is slightly lower than the theoretical value, indicating that ca. 7 electrons are exchanged 

in the process. 

For 50 mM NaBH4, the jlim values are rather in agreement with the theoretical value only for the 

22 and 33 wt.% Pd/C and the Pt/C electrocatalysts. For the others electrocatalysts, the jlim value 

is either higher than the theoretical value, indicating that an additional reaction contributes to 

the total faradaic current, or lower than the theoretical value, indicating that the 8 electrons are 

not reached. However, the theoretical value of the limiting current must be compared with 

caution with the measured values, since our conditions slightly differ from the conditions used 

by Chatenet et al. [90] to measure the values of 𝐷 and 𝜈 (T = 40°C vs. 60°C, [NaBH4] = 1 and 

10 mM vs. 5 and 50 mM). 

Figure II.12 shows the BOR CVs obtained on the 22 wt.% Pd/C electrocatalyst corrected from 

the mass-transport in the potential range from E = -0.3 (or -0.5) to 0.5 V vs. RHE for 5 mM 

(Figure II.12.A) and 50 mM (Figure II.12.B) NaBH4. The comparison of the current densities 

obtained at E =0, 0.2 and 0.5 V vs. RHE with and without mass-transport correction reveals that 

the mass-transport correction is: (i) not necessary at E = 0 V vs. RHE, both for 5 and 50 mM 

NaBH4, (ii) rather unnecessary and not necessary at E = 0.2 V vs. RHE for 5 and 50 mM NaBH4 

respectively, (iii) necessary at E = 0.5 V vs. RHE both for 5 and 50 mM NaBH4. Consequently, it is 



Chapter II: Pd-based electrocatalysts for the BOR 
 

 
84 

decided that the total faradaic current will not be corrected from the mass-transport for the 

current densities obtained at E = 0 and 0.2 V vs. RHE. For E = 0.5 V vs. RHE, Figure II.12 highlights 

that the mass-transport correction should be taken into account. However, we considered that 

it was irrelevant to correct the total faradaic current from a “limiting” (rather a peak) current, 

the origin of which is uncertain. Thus, we preferred to deliberately not apply any correction of 

the mass-transport; we are nevertheless conscious that the “catalytic activity” determined as 

such will be underestimated for E = 0.5 V vs. RHE. However, as the extent of underestimation 

will be near-similar for all the electrocatalysts tested, the methodology shall enable easy 

comparison between the tested materials. 

 

Figure II.12. Illustration of the mass-transport correction on BOR CV obtained on the 22 wt.% 

Pd/C electrocatalyst for (A) 5 mM NaBH4 and (B) 50 mM NaBH4 in 1 M NaOH. Other conditions: 

Ar-saturated electrolytes, T = 60°C, ν = 20 mV s-1, ω = 1600 rpm. 
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II.5.3 Influence of the NaBH4 concentration 

Figure II.13 shows the onset potentials (Eonset) obtained on all the electrocatalysts and for the 

three NaBH4 concentrations. The onset potential can be influenced not only by the nature of the 

electrocatalyst, but also its structure. Indeed, this potential is a mixed potential, that originates 

from the conjunction of several competing reactions, such as the HER/HOR, the heterogeneous 

hydrolysis of BH4
- and/or the electrooxidation BH4

- or of the BOR intermediate species. Thus, 

depending on whether bubbles are forming or whether there are more or less adsorbed species, 

the morphology of the electrocatalyst will most certainly have an influence on the value of the 

onset potential. 

 

Figure II.13. Influence of the NaBH4 concentration (5, 50 or 500 mM in 1 M NaOH) on the 

onset potential (Eonset) obtained on each electrocatalyst studied in this work at T = 60°C.  

 

Figure II.13 highlights that the onset potential systematically decreases when the NaBH4 

concentration increases (a positive effect). In addition, the larger the amount of Pd, the greater 

the potential shift towards negative values, for 5 and 50 mM NaBH4; the lowest onset potential 

(-230 mV vs. RHE) is reached on the 44 wt.% Pd/C for 500 mM NaBH4. When ceria is present, the 

onset potential is similar to the 22 wt.% Pd/C electrocatalyst for 5 mM NaBH4, but it is slightly 

more positive than the ones obtained on the 22 wt.% Pd/C for 50 and 500 mM NaBH4 (by 15 mV 

and 25 mV, respectively), maybe because ceria covers, in part, the Pd NPs (or possibly because 

it directly reacts with / is reduced by NaBH4). With no surprise, the onset potential obtained on 

the Pt/C electrocatalyst is well above the onset potentials obtained on the Pd-based 
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electrocatalysts, illustrating the incapability of Pt to efficiently electrooxidize NaBH4 at low 

potential.  

Figure II.14 gives the specific activity (SA, mA cmmetal
-2) and the mass activity (MA, mA µgmetal

-1) 

for the three electrode potentials (0, 0.2 and 0.5 V vs. RHE) and the three NaBH4 concentrations. 

For the lowest potentials (E = 0 and 0.2 vs. RHE), the SA and MA increases when the NaBH4 

concentration increases from 5 to 50 mM, for all the electrocatalysts. On the contrary, it 

decreases from 50 to 500 mM NaBH4 (reaching the SA and MA obtained at 5 mM) for all the 

electrocatalysts except for the 22 wt.% Pd/C. As seen on the BOR CVs, this evolution between 

50 and 500 mM illustrates that the charge transfer kinetics becomes very limiting for the high 

NaBH4 concentration, likely owing to the poisoning of the electrode surface by strong adsorbates 

species (in other words, the electrocatalyst fails to electrooxidize quantitatively the abundant 

BH4
- species in these conditions). The results also highlight that the amount of Pd poorly 

influences the values of SA and MA; however, one can note that the highest SA and MA are 

obtained on the 53 wt.% Pd/C for 5 and 50 mM NaBH4 (for E = 0 V vs. RHE), and the highest SA 

and MA are also obtained on the 53 wt.% Pd/C for 50 and 500 mM NaBH4 (for E = 0.2 V vs. RHE), 

but only by a small extent in comparison to the other Pd-based electrocatalysts. In addition, the 

SA and MA obtained on Pt/C are well higher (≈ 4-fold higher) than those obtained on the Pd-

based electrocatalysts for 50 mM NaBH4. This must be associated to the exceptional HOR activity 

of Pt and illustrates that this latter material oxidizes more H2 originating from the HER or the 

catalytic decomposition (or heterogeneous hydrolysis) of BH4
- (in an indirect oxidation reaction) 

than directly the BH4
- species, in line with the values of onset potential of Pt/C, which where all 

close to 0 V vs. RHE. 

For the highest electrode potential (E = 0.5 V vs. RHE), the SA and MA increase when the NaBH4 

concentration increases, except for Pt/C. Interestingly, the highest SA and MA are obtained on 

the 22 wt.% Pd/C. This result seems to indicate that a lower Pd sites density is beneficial for the 

BOR mechanism for a high NaBH4 concentration, but this surprising statement must not be 

considered as granted. 
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Figure II.14. Influence of the NaBH4 concentration (5, 50 and 500 mM in 1 M NaOH) on the 

(A, B, C) specific activity (SA) and (D, E, F) mass activity (MA) obtained on the electrocatalysts 

studied in this work at (A, D) E = 0 V vs. RHE, (B, E) E = 0.2 V vs. RHE, and (C, F) E = 0.5 V vs. RHE 

and at T = 60°C. 
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To summarize, in conditions that approach the ones used in real DBFC systems (50 and 

500 mM NaBH4), the 22 and 53 wt.% Pd/C electrocatalysts exhibit the best SA and MA at low 

potentials (0 and 0.2 V vs. RHE), and the 22 wt.% Pd/C exhibits the best activities at high potential 

(0.5 V vs. RHE). The reasons that could explain such results are not clear since the morphology 

of these electrocatalysts are different: the 22 wt.% Pd/C is made of small and big NPs with a 

small extent of agglomeration, while the 53 wt.% Pd/C electrocatalyst is made of small NPs and 

a lot of agglomerates. Pt/C leads to the fastest reaction at low electrode potentials (0 and 

0.2 V vs. RHE), its activity being optimal for 50 mM NaBH4. At the highest potential (0.5 V vs. RHE) 

and 500 mM NaBH4, it is tied or even outperformed by 22 wt.% Pd/C, likely owing to more severe 

poisoning issues at Pt than at Pd in these conditions. 

 

II.5.4 Influence of the temperature 

The influence of the temperature on the BOR activity was also studied for two Pd-based 

electrocatalysts, the 22 and 53 wt.% Pd/C. Three temperatures were tested: T = 20, 40 and 60°C, 

and Figure II.15 shows the influence of the temperature on the onset potential. For the two 

electrocatalysts and the three NaBH4 concentrations, the onset potential shifts negative when 

the temperature increases, which is positive in terms of reaction kinetics. However, one can 

notice that this negative shift is rather small, around 10 mV from 20 to 40°C and from 40 to 60°C. 
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Figure II.15. Influence of the temperature (T = 20, 40, or 60°C) on the onset potential (Eonset) 

obtained on the 22 and 53 wt.% Pd/C electrocatalysts for 5, 50 and 500 mM NaBH4 in 

1 M NaOH. 

In a similar manner, Figure II.16 highlights that the SA and the MA increase with the temperature 

for the two electrocatalysts and the three NaBH4 concentrations at each electrode potential (0, 

0.2 and 0.5 V vs. RHE): the activity is around 3-fold higher from 20 to 40°C and around 2-fold 

higher from 40 to 60°C owing to combined and antagonistic effects; on the positive side, higher 

temperatures lead to faster mass-transport and charge-transfer, while on the negative side it 

increases the hydrogen evolution (the electrochemical signals on the BOR CVs are more noisy at 

60°C than for 20°C, see Figure A.5 in Annex 4). Thus, it seems that working at T = 60°C leads to 

a beneficial compromise to boost the BOR activity in the NaBH4 concentration range from 5 to 

500 mM, and this matches the results in unit DBFC of Olu et al. [70]. 
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Figure II.16. Influence of the temperature on the (A, B, C) specific activity (SA) and 

(D, E, F) mass activity (MA) evaluated for the 22 and 53 wt.% Pd/C electrocatalysts at 

(A, D) E = 0 V vs. RHE, (B, E) E = 0.2 V vs. RHE, and (C, F) E = 0.5 V vs. RHE for 5, 50 and 

500 mM NaBH4 concentrations. 
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II.5.5 Influence of the catalytic layer thickness 

Another parameter that can also strongly influence the faradaic efficiency of the BOR is the 

structure of the electrode, more precisely the geometry of the electrode and the thickness of 

the catalytic layer. These two parameters directly affect the mass-transport of the reactant and 

intermediate species within the electrode and the management of gaseous hydrogen. In that 

frame, several authors [28,70,122,126,239,240] reported that open-structure electrodes enable 

to enhance the BOR faradaic efficiency (in DBFC configuration), by increasing the residence time 

of the reactants and intermediate species and enabling faster hydrogen gas bubbles release. 

Such open-structure electrode were obtained, for instance, when coating the anodic catalytic 

layer on a carbon cloth instead of the membrane [70], when using aerogel or macroporous 

carbon supports [239], when using Ni foam instead of carbon cloth [240], or when using three-

dimensional carbon support such as reticulated vitreous carbon [122]. In a more fundamental 

study, Freitas et al. [123] highlighted the impact of the catalytic layer thickness on the reaction 

onset and BOR faradaic efficiency in RDE configuration for Pt/C electrocatalysts. Their results 

revealed that thick active layer (3 µm) yields larger limiting current than thin layer (0.38 µm) and 

a slight shift of the onset potential towards negative values. They attributed the apparent better 

BOR faradaic efficiency for thick active layer to a higher residence time of the reactant and 

intermediate species, thereby enabling the completion of their electrooxidation. 

The effect of the catalytic layer thickness towards the BOR onset potential and faradaic 

efficiency should vary between Pt/C and Pd/C electrocatalysts. Indeed, as Pt essentially 

decomposes BH4
- into H2 and valorizes H2, the catalytic layer thickness will mostly influence the 

apparent BOR faradaic efficiency, while the onset potential shall remain nearly identical. On the 

contrary, because Pd is capable to valorize BH4
- and/or its reaction intermediates in a more 

direct manner (in addition to its HOR activity), it may be expected that the mass-transport will 

affect both the onset potential and the BOR activity with that material. 

It is worth mentioning that an in-depth study of the influence of the catalytic layer thickness was 

not the initial goal of the present work. However, data enabling to conduct a preliminary study 

of this effect were acquired, because BOR CVs were initially performed with a constant amount 

of Pd on the RDE; operating in this manner leads to different electrode thicknesses. Three 

different catalytic layer thickness with identical amount of Pd could be obtained using Pd/C 

electrocatalysts with three different metal weight fractions (22, 33 and 44 wt.% Pd/C). The 

thickness of the electrodes were evaluated considering the density of the dry material 
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(0.264 g cm-3 for Vulcan XC72, 11.9 g cm-3 for Pd and 0.2 g cm-3 for Nafion) [241] and were 

estimated to be 2.8, 1.6 and 1 µm, for 22, 33 and 44 wt.% Pd/C electrocatalysts respectively. 

Figure II.17 exhibits the values of the onset potentials obtained depending on the catalytic layer 

thickness. The results reveal that the trend is not very clear, owing to a huge uncertainty of the 

results obtained on the 1-µm electrode thickness, especially for 50 and 500 mM NaBH4. 

However, it seems that the results are not in agreement with the study of Freitas et al. [123] 

(but again, these were obtained for Pt/C electrodes): the onset potential shift to more negative 

values, for the three NaBH4 concentrations, when the electrode thickness decreases. As an 

example, for 5 mM NaBH4, the onset potential is -90, -105 and -146 mV vs. RHE for 2.8, 1.6 and 

1-µm catalytic layer thickness respectively. The slight influence of the catalytic layer thickness 

measured here points towards a negative influence of thick catalytic layers for Pd/C electrodes. 

One could postulate (but again the trend is slim) that in larger catalytic layers, BH4
- species and 

their primary product of heterogeneous hydrolysis (BH3OH-) can be too-efficiently decomposed 

into the final products of heterogeneous hydrolysis (H2 and BO2
-), thereby driving the electrode 

operation from “direct BOR” to “indirect HOR” (the latter being only efficient at potentials close 

to 0 V vs. RHE. However, there could also be other explanations to this trend: the lower onset 

potential is obtained on the 1-µm electrode, i.e. with the 44 wt.% Pd/C electrocatalyst. 

According to the results presented above (see Figure II.13), the onset potential obtained on this 

electrocatalyst was also lower than the onset potential obtained on the 22 and 33 wt.% Pd/C 

electrocatalysts, which corresponds to the present 2.8 and 1.6-µm electrode respectively. Thus, 

it cannot be excluded that the observed trend may also be strongly influenced by the 

morphology of the Pd NPs (size and extent of agglomeration). So to conclude better about a 

possible influence of the active layer thickness with Pd/C electrodes, it would be desirable to 

make the study with more model Pd/C electrocatalysts, for which the materials texture does not 

evolve with the wt.% Pd. Also, and finally, it must be stated that the potential effect of the 

catalytic layer thickness shall depend on the ratio between the amount of catalytic sites in the 

catalytic layer and the borohydride concentration; in other words, the “optimal” thickness of 

catalytic layer shall depend on the NaBH4 concentration at stake but also the nature/structure 

of the electrocatalyst used. This has also been put forth by Olu et al. [55], who showed (for a 

smooth Pt surface), that the optimal onset potential and “kinetic current” was obtained with 

ca. 0.1 M NaBH4 (see Figure 5 in [55]); it is believed that the “optimum” would depend on the Pt 

roughness of the electrode, hence on the catalytic layer thickness, and similarly for Pd/C (or any 

other catalyst) active layer. 
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Figure II.17. Influence of the catalytic layer thickness on the onset potential (Eonset) obtained on 

the 22 and 53 wt.% Pd/C electrocatalysts for 5, 50 and 500 mM NaBH4 in 1 M NaOH. 

 

The SA and MA are reported in Figure II.18. The trend is still not very clear, since the results 

obtained on the 1-µm electrode are uncertain, especially for 50 mM NaBH4. However, when 

E = 0 V vs. RHE, 2-fold higher activities are obtained for the thickest electrode for 5 mM NaBH4. 

One can notice that the activities obtained on the 1.6-µm electrode are slightly lower than the 

ones obtained on the 1 µm electrode. As mentioned above, this can be explained by the 

differences of the Pd NPs morphology between the 33 and 44 wt.% Pd/C. For the highest NaBH4 

concentrations (50 and 500 mM), 6-fold higher activities are obtained when the thickness of the 

electrode increases from 1 to 2.8 µm, showing a positive effect of thicker active layers. 

The influence of the electrode thickness is more evident for the highest NaBH4 concentration 

and high potential values. Indeed, when E = 0.2 and 0.5 V vs. RHE, which corresponds to 

potentials values where mass-transport starts to be limiting, thicker electrodes clearly help to 

enhance the BOR efficiency: 4-fold higher activities are obtained when the thickness of the 

electrode increases from 1 to 2.8 µm for 500 mM NaBH4.  
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Figure II.18. Influence of the catalytic layer thickness on the (A, B, C) specific activity (SA) and 

(D, E, F) mass activity (MA) evaluated at (A, D) E = 0 V vs. RHE, (B, E) E = 0.2 V vs. RHE, and 

(C, F) E = 0.5 V vs. RHE for 5, 50 and 500 mM NaBH4 concentrations. 
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Globally, these preliminary results are in agreement with the observations of Freitas et al. [123]: 

thick electrodes enable to enhance the residence time of electroactive species within the 

electrode and lead to higher BOR activities, especially for high NaBH4 concentrations. In that 

regard, it seems that the activity markers isolated in this thesis are representative of the 

complexity of the BOR. On the one hand, the onset potential is more negative when the 

electrode is less active towards the catalytic decomposition of NaBH4: lower thickness of active 

layer and lower loading of Pd would lead to lower onset potential values. However, when the 

electrode is polarized to trigger the BOR, thin active layers or poorly-loaded electrodes do not 

enable to quantitatively electrooxidize BH4
- and valorize the reactive BOR intermediates. This 

explains why the SA and MA values (measured at 0, 0.2 and 0.5 V vs. RHE) are also very useful 

markers of the BOR activity.  

 

II.6 Conclusions 

In this chapter, the BOR was studied on various Pd-based electrocatalysts, and the influence of 

several parameters on the BOR kinetics, such as the morphology of the Pd NPs, the Pd sites 

density, the presence of ceria, the NaBH4 concentration and the temperature were investigated. 

In addition, activity markers have been proposed to evaluate the BOR activity. 

In conditions which are close to the ones used in real DBFC configuration (50 and 500 mM NaBH4 

and T = 60°C), the charge transfer kinetics is clearly limiting, but the low ratio [OH-]/[BH4
-] might 

account for the slow BOR kinetics measured here. Moreover, the influence of the Pd sites 

density does not show particular trend for 500 mM NaBH4. 

In addition, the presence of ceria in the Pd/C-CeO2 electrocatalyst, which was suspected to boost 

the BOR kinetics by supplying the Pd surfaces with OHads, did not confirm its promises: Pd/C-CeO2 

revealed to be less active than the Pd/C electrocatalysts. However, the poor Pd NPs dispersion 

on the Pd/C-CeO2 electrocatalyst could account for the poor BOR activities monitored, and prior 

concluding that Pd/C-CeO2 is not a good BOR material, one should test better-defined Pd/C-CeO2 

materials, which was not possible in the time frame allotted to this PhD. 

Finally, preliminary results on the influence of the catalytic layer thickness were obtained. They 

indicate that thick electrodes enable to enhance the residence time of BH4
- and of the reactive 

BOR intermediates within the electrode and lead to higher apparent BOR activities, especially 

for high NaBH4 concentrations. In a more general approach, the influence of the catalytic layer 
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design seems to impact the BOR faradaic efficiency: this will be more thoroughly investigated in 

the next chapter.  
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III.1 Motivations of the study 

If the BOR can, theoretically, release 8 electrons per BH4
- anion, no single electrocatalyst yielding 

100% faradaic efficiency at low potential (close to the thermodynamic potential) has been 

isolated so far. Thus, as mentioned in CHAPTER I, one of the strategies used to enhance the BOR 

apparent efficiency has been to work with composite materials, combining (mixing or alloying) 

two electrocatalysts/metals with complementary properties in a single electrode. Another issue, 

revealed in part by Stroman and Jackson [242] who studied the relationship between cell design 

and DBFC performances with a 2-D steady state finite volume model, is that the current density 

is maximum at the fuel inlet and then decreases rapidly along the flow channel, leading to low 

fuel utilization due to compact BH4
- and BO2

- concentration boundary layers near the anode. A 

similar phenomenon also occurs in PEMFC, where large variation of the local current density 

was observed along the channel due to locally-reduced concentration of the reactant gases; to 

mitigate this issue, Zhang et al. [243] reported the use of a graded catalyst loading configuration 

along the gas channel.  

In that context, it was believed that combining the two solutions, i.e. the use of mixed 

electrocatalysts within an appropriate electrode structure, could enable to reach high BOR 

faradaic efficiency and to boost DBFC performances. Thus, in this study, we probed whether 

there is any merit to create a graded anode electrocatalyst structure instead of homogeneous 

single electrocatalyst electrode using carbon-supported Pt and Pd electrocatalysts (Pt/C and 

Pd/C) to optimize the BOR efficiency. Pt/C and Pd/C electrocatalysts were chosen for the 

following reasons: (i) Pt is one of the most studied electrocatalyst for the BOR and the one for 

which the BOR mechanism is well-documented and understood (see part I.2.3), thereby 

facilitating the study of a new electrode design on the BOR efficiency; (ii) Pd is a promising 

electrocatalyst for the BOR, and was at the core of the study of CHAPTER II; (iii) Pt/C and Pd/C 

present similar and complementary properties: although the BOR kinetics is faster on Pt than 

Pd, both metals can electrooxidize hydrogen (Pt being the most active) [95], and Pd can trigger 

the BOR at a lower potential than Pt [70]. In addition, Oliveira et al. showed in successive papers 

[108,109] that the addition of a Pd monolayer on Pt (111) enhances the apparent BOR activity 

of the resulting surface. This improvement was attributed to a slower HER on Pd and a better 

ability to remove BHads species due to the fact that Pd is more oxophilic than Pt (this reasoning 

was based on the assumption that the BOR on Pd proceeds with a similar mechanism as on Pt, 

which is now believed to be wrong, according to the results presented in CHAPTER II and the 

recent study conducted by Braesch et al. [105]). 
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The impact of the anodic catalytic layer (CL) design on the BOR was investigated both in RDE and 

in fuel cell configuration (precisely a H2O2-DBFC configuration), thanks to the collaboration with 

the U.S. Naval Research Laboratory; the former experiments were performed by the LEPMI 

team, and the latter by the U.S. Naval Research Laboratory team (especially Marielle Hjelm, who 

made all the FC experiments presented in this chapter). The experiments were conducted for 

two NaBH4 concentrations (10 and 100 mM) at low temperature (ca. 25°C). It is worth 

mentioning that no comparison with literature data could be done: indeed, to the best of the 

author’s knowledge, no study dealing with the impact of alloying or mixing Pt/C and Pd/C 

electrocatalysts on the BOR activity has been carried out, neither in RDE nor in DBFC 

configuration. 

The results presented in this chapter were published in the following paper: 

R. M. E. Hjelm, C. Lafforgue, R. W. Atkinson III, Y. Garsany, R. O. Stroman, M. Chatenet, K. Swider-

Lyons, Impact of the anode catalyst layer design on the performance of H2O2-direct borohydride 

fuel cell, J. Electrochem. Soc. 166 (2019) F1-F11. 

Contribution: C.L. performed the RDE experiments, analyzed the data, discussed the results, 

wrote the part about the RDE experiments in the manuscript and approved the final version of 

the manuscript. 

III.2 Experimental details 

III.2.1 RDE configuration 

III.2.1.1 Electrocatalysts 

The carbon-supported Pd electrocatalyst (Pd/C) used in this work for RDE measurements was 

synthetized by Robert W. Atkinson III from the Naval Research Laboratory (Washington DC, USA) 

using a vapor deposition protocol described in Annex 1.A. The electrocatalyst is supported on 

Vulcan XC72 carbon black, the metal weight fraction (wt.%) is 22, and the ECSA is 23 m2 gPd
-1 

(calculated using Equation II.4). It is the same as the one used in CHAPTER II. The carbon-

supported Pt electrocatalyst (Pt/C) was purchased from Tanaka Kikinzoku (TKK) and used as 

received without additional treatment. Its carbon support is also Vulcan XC72 carbon black, the 

metal weight fraction is 20%, and the ECSA is 78 m2 gPt
-1 (calculated via COads-stripping). 
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III.2.1.2 Electrochemical measurements 

The electrochemical measurements were conducted using the same electrochemical cell 

described in the previous chapter (see part II.2.3.1). The working electrodes were prepared 

using suspensions made of electrocatalyst, ultrapure water, 5 wt.% Nafion® solution and 

isopropyl alcohol (IPA) in quantities given in Table III.1. After 20 min of sonication, the single 

Pd/C and Pt/C electrodes and the mixed electrode were prepared by depositing, respectively, 

20 μL of ink#1, ink#2 and ink#3 on a 5 mm-diameter glassy-carbon disk that was rotated 

throughout film drying. The graded Pt/C|Pd/C and Pd/C|Pt/C electrodes were prepared by first 

depositing 10 μL of ink#1 (respectively ink#2) and then rotating it until dry. Subsequently, a 

second film was formed by deposition of 10 μL of ink#2 (respectively ink#1) and then dried under 

rotation. It gives a graded porous RDE, in which the Pt/C layer is at the outer surface, i.e. in direct 

contact with the electrolyte (respectively, in which the Pd/C layer is at the outer surface, i.e. in 

direct contact with the electrolyte). The five RDE configurations are illustrated in Figure III.1. 

 

Table III.1. Composition of the electrocatalyst suspensions and metal loadings used on the RDE. 

Ink 20 wt.% Pt/C 

amount 

(mg) 

22 wt.% Pd/C 

amount 

(mg) 

H2O 

(µL) 

5 wt.% Nafion® 

solution 

(µL) 

IPA 

(µL) 

Metal loading on 

RDE 

(µgmetal cmgeom
-2) 

Ink #1 0 10 8000 53.5 3150 20 

Ink #2 10 0 7130 55 3000 20 

Ink #3 5 5 7130 55 3000 20 

 

 

The electrochemical measurements were performed using the same protocols as those 

described in the previous chapter (see part II.2.3.2). The electrolyte was 10 mM NaBH4 + 

1 M NaOH and the measurements were performed at T = 25°C. Three different tests were 

carried out for each electrode configuration for reproducibility assessment and the error bars 

were calculated using the standard deviation. 
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Figure III.1. Illustration of the five rotating disk electrode configurations; (A) single Pd/C, 

(B) single Pt/C, (C) mixed Pt/C + Pd/C, (D) graded Pt/C|Pd/C, (E) graded Pd/C|Pt/C. 

 

III.2.2 Fuel cell configuration 

III.2.2.1 Electrocatalysts 

The carbon-supported Pd electrocatalyst (Pd/C) used in this work for fuel cell measurements 

was synthetized by Robert W. Atkinson III from the Naval Research Laboratory (Washington DC, 

USA) using a vapor deposition protocol described in Annex 1.A. The electrocatalyst is supported 

on Vulcan XC72 carbon black, the metal weight fraction is 53% and the ECSA is 64 m2 gPd
-1 

(calculated via COads-stripping). It is not the same as the one used in the previous chapter, the 

difference being the temperature of the final heat treatment, that led to higher ECSA 

electrocatalyst. The carbon-supported Pt electrocatalyst (Pt/C) was purchased from Ion Power 

(IP) and used as received without additional treatment. The metal weight fraction is 50% and 

the ECSA is 72 m2 gPt
-1 (calculated via COads-stripping). 
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III.2.2.2 Cell design and global set up 

An exploded 3D-view of the design of the fuel cell used in this study is shown in Figure III.2 and 

the global set up is shown in Figure III.3. The anodic and cathodic compartments are separated 

by a Nafion® 117 membrane (183 µm-thick) and two PTFE gaskets (200 µm-thick) cut in the 

center to create a 2.45 cm2-flow channel. The catalytic layers are deposited onto impervious 

bipolar graphite plates (BGP, Fuel Cell Store) with gold plated brass current collector plates at 

each end. The flow inlet and outlet are at the ends of each catalytic layers. The fuel and oxidant 

are stored in reservoirs and bring to the cell in a single-pass mode with parallel flow using two 

peristaltic pumps (NE-9000, Chemyx.com). 

 

Figure III.2. Exploded 3D-view of the design of the H2O2-DBFC cell used in this study showing a 

graded anode catalytic layer with Pd/C (gray), 1:1 wt.% Pt/C + Pd/C (blue), and Pt/C (black). 

Fuel inlet and outlet are hidden at bottom.  
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Figure III.3. Picture of the global set up of the H2O2-DBFC used for the experiments. 

 

III.2.2.3 Electrodes preparation and composition 

The anode and cathode were prepared using an ultrasonic spray-coating method. To that goal, 

electrocatalysts suspensions (inks) were prepared by mixing the electrocatalyst powder with 

ultrapure water, 6 wt.% Aquivion® 830 EW ionomer (D83-06A, Sigma Aldrich) and isopropyl 

alcohol (IPA). The mass ratio of the ionomer binder to carbon was adjusted to 0.95 (i.e. 32 wt.% 

ionomer in the dry CL) for all the electrodes. For some experiments, a 1:1 wt.% mixture of Pt/C 

and Pd/C was combined using the same weight for each electrocatalyst and the same ionomer 
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binder to carbon ratio as for the homogenous inks. The freshly-prepared inks were then mixed 

with a high shear mixer during 5 h. 

Then, the inks were ultrasonically spray-coated onto the BGPs via a layer-by-layer method 

described in Annex 3 using an automated ultrasonic spray apparatus. The catalyst area for each 

electrode was a 0.965 cm x 5.08 cm rectangle (active area: 4.9 cm2), spanning from inlet to 

outlet. For the anodes, Pt/C and Pd/C were sprayed as individual electrodes, in 1:1 wt.% mixtures 

(Pt/C + Pd/C), or as gradients. For single and mixed CLs, inks were deposited uniformly along the 

entirety of the flow field area. For anodes with graded CLs, masks were used to spray 1/3 of the 

area at a time with no overlap of catalyst such that Pt/C and Pd/C were deposited at each end 

of the flow field with a Pt/C + Pd/C mixture at the center, as illustrated in Figure III.4, in order to 

create a gradual transition from Pt/C to Pd/C or Pd/C to Pt/C in the graded design. Each sprayed 

electrode was allowed to dry overnight before testing to ensure complete evaporation of the 

solvent.  

 

Figure III.4. Illustration of the five anodic catalytic layer design used in the H2O2-DBFC. 

 

The CLs were similarly deposited as dummy electrodes onto Kapton® foil and weighed five times 

after overnight drying. The average of the resulting weights was used to calculate the 

approximate metal loading of the single and mixture electrodes. The total loadings for Pt/C, 

Pd/C, and mixed samples were 0.31 ± 0.02 mg cm-2, 0.30 ± 0.01 mg cm-2, and 0.30 ± 0.02 mg cm-2, 

respectively. Table III.2 recaps the different H2O2-DBFC configurations studied in this work. 
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Table III.2. Composition of the catalytic layer designs and metal loadings of the electrodes 
studied in this work. 

Catalytic layer design 

Anode electrocatalyst Cathode 

electrocatalyst 

Metal loading 

(mgmetal cmgeom
-2) 

Metal loading 

(mgmetal cmgeom
-2) 

Pd/C  

53 wt.% Pd/C 50 wt.% Pt/C 

0.31 ± 0.02 0.30 ± 0.01 

Pt/C  

50 wt.% Pt/C 50 wt.% Pt/C 

0.30 ± 0.01 0.30 ± 0.01 

Mixed Pt/C + Pd/C  

50 wt.% Pt/C + 53 wt.% Pd/C 50 wt.% Pt/C 

0.31 ± 0.02 0.30 ± 0.01 

Graded Pt/C|Pd/C 

50 wt.% Pt/C 

50 wt.% Pt/C + 53 wt.% Pd/C 

53 wt.% Pd/C 

50 wt.% Pt/C 

x 0.30 ± 0.01 

Graded Pd/C|Pt/C 

53 wt.% PdC 

50 wt.% Pt/C + 53 wt.% Pd/C 

50 wt.% Pt/C 

50 wt.% Pt/C 

x 0.30 ± 0.01 

 

III.2.2.4 Electrochemical measurements 

The H2O2-DBFC performances measurements were conducted for two combinations of 

electrolytes: 

1) 10 mM NaBH4 in 1 M NaOH at the anode and 40 mM H2O2 in 1 M H2SO4 at the cathode; 

2) 100 mM NaBH4 in 1 M NaOH at the anode and 400 mM H2O2 in 1 M H2SO4 at the cathode.  

The solutions were prepared using H2SO4 (98%, Fisher Scientific) and H2O2 (30%, Fisher 

Scientific), or NaOH pellets (Fisher Scientific) and NaBH4 granules (98%, Alfa Aesar). A flow rate 

of 10 mL min-1 was maintained at both the cathode and anode with parallel flows, thanks to the 
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two peristaltic pumps. The Nafion® membrane was prepared for Na+ ion transfer by first cleaning 

in a boiling solution of 1 wt.% H2O2 for one hour, followed by boiling in 0.1 M NaOH for one hour. 

Then, the membrane was stored in 1% NaOH solution until use. All cells were operated at room 

temperature. Table III.3 recaps the experimental parameters used in the study. 

Table III.3. Summary of the experimental parameters used in this study; S is the geometric 
surface area of the flow field. 

Anolyte composition Separator Catholyte composition S 

(cm²) 

T 

(°C) 
Flow rate 

(mL min-1) 

Flow rate 

(mL min-1) 

10 mM NaBH4 + 1 M NaOH 

N117 

40 mM H2O2 + 1 M H2SO4 

2.45 
ambient 

(≈ 25) 10 10 

100 mM NaBH4 + 1 M NaOH 

N117 

400 mM H2O2 + 1 M 

H2SO4 2.45 
ambient 

(≈ 25) 
10 10 

 

The electrochemical measurements were recorded using an Autolab potentiostat/galvanostat 

coupled with an Autolab Eco Chemie 10 A current booster and NOVA 2.1 software. The different 

protocols used to characterize the FC performances are detailed hereafter. 

o Polarization curves measurements 

The open circuit voltage (OCV) of each cell was measured for 5 min prior a multiple-step 

chronoamperometry (CA) was run. Cell voltages (Ucell, V) were held for 150 seconds starting at 

OCV and measured every 100 mV vs. OCV until 1.4 V polarization. The current measured at each 

cell voltage was recorded every second and the last 20 points were averaged. Three different 

tests were carried out for each anode design for reproducibility assessment. 

o H2 escape measurements 

The volume of escaped gaseous H2 was measured concurrently with the CA measurements, 

using an inverted graduated cylinder connected to the flow channel outlet at the anode. The 

measured volumes were divided by the time of each CA measurement to give the rate of H2 

escape (μL s-1). 
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III.3 Analysis of the electrocatalysts morphology 

TEM micrographs of the electrocatalysts used to create the different CL layers studied in this 

work are displayed in Figure III.5. As a reminder, the 22 wt.% Pd/C is mainly composed of a 

bimodal population of isolated particles (3-5 nm for the small ones, ca. 10 nm for the large ones) 

and rather small extent of agglomerates. Then, the micrographs reveal that the 53 wt.% Pd/C is 

composed of two families of rather homogeneous particles (ca. 2-3 nm for the small ones and 

10 nm for the large ones), but with larger extent of (larger) agglomerates (essentially of the 

larger NPs); the commercial Pt/C catalysts are made of well dispersed small NPs (2 - 2.5 nm). 

The catalysts corresponding to Figure III.5.A.B and Figure III.5.C.D were used for the RDE and 

DBFC measurements respectively.  



Chapter III: Impact of the catalytic layer design on the BOR 

 

 
109 

 

Figure III.5. TEM micrographs obtained on the different electrocatalysts used in this study to 

create the different catalytic layer design: (A) 22 wt.% Pd/C (NRL), (B) 20 wt.% Pt/C (TKK), 

(C) 53 wt.% Pd/C (NRL) and (D) 50 wt.% Pt/C (IP). 
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III.4 Impact of the catalytic layer on the BOR activity 

III.4.1 RDE configuration measurements 

The BOR activity obtained on each electrode structure in RDE configuration was investigated for 

10 mM NaBH4 in 1 M NaOH at T = 25°C. A typical CV of each electrode configuration for an 

electrode rotation rate ω = 1600 rpm is displayed in Figure III.6. The current densities presented 

in the CVs were obtained by dividing the current either by the corresponding ECSA (cm²) of each 

electrocatalyst (see Figure III.6.A; in the case of the mixed and graded electrodes, the ECSA used 

to calculate the current densities is the average between the Pt/C ECSA and Pd/C ECSA) or by 

the electrode’s geometric area (Figure III.6.B). 

One can notice that the overall CVs shape obtained with the mixed (Pt/C + Pd/C) electrode and 

the graded (Pt/C|Pd/C or Pd/C|Pt/C) electrodes remains unchanged in comparison to the single 

Pt/C electrode. In addition, the onset potential values (here, simply the open-circuit potential, 

OCP, which is a mixed potential resulting from the competition between the HER/HOR and the 

BOR) reached on all the Pt-containing electrodes are around -45 mV vs. RHE whereas the onset 

potential reached on the single Pd/C electrode is -115 mV vs. RHE (the onset potential values 

are gathered in Figure III.7). These results suggest that the mixed and graded electrode 

configurations may lead to a similar apparent BOR mechanism than the single Pt/C electrode, 

and that, consequently, the behavior of Pt/C dominates in these conditions. Indeed, as a 

reminder, for Pt-based electrocatalysts, the HER prevails on the BOR below E = 0 V vs. RHE; 

above this potential, the HOR prevails on the BOR [55]. This is because Pt tends to decompose 

BH4
- into BHx, ads + Hads (Hads likely combining into H2 below the hydrogen potential and being 

electrooxidized above this potential) and because Pt is highly active for the HER/HOR. As a result, 

the onset potential is dominated by the HER/HOR on Pt and is not majorly affected by the 

addition of Pd in the mixed and graded electrodes. 
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Figure III.6. BOR voltammograms obtained on the catalytic layers studied in this word in 

10 mM NaBH4 + 1 M NaOH; (A) the current densities are relative to the electrochemical 

surface area of each electrocatalysts, (B) the current densities are relative to the electrode’s 

geometric area. Other conditions: Ar-saturated electrolyte, T = 25°C, ν = 20 mV s-1, 

ω = 1600 rpm. 
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Figure III.7. Onset potential (Eonset) obtained on the catalytic layers studied in this word in 
10 mM NaBH4 + 1 M NaOH at T = 25°C. 

 

When looking closely at the five CVs in Figure III.6.A, especially in the potential range from E = 0 

to 0.3 V vs. RHE, it is interesting to observe that the BOR kinetics is similar for the single Pt/C 

electrode and the graded Pd/C|Pt/C electrode, but the BOR kinetics is faster on the mixed 

electrode and the graded Pt/C|Pd/C electrodes. These results indicate that, for the graded 

electrodes, the position of the electrocatalyst influences the resulting BOR kinetics. Because 

Pt/C is essentially active for the HOR, the Pd/C|Pt/C graded electrode (that has the Pd/C layer 

in direct contact with the electrolyte), yields lower apparent BOR kinetics, owing to (i) the 

smaller kinetics of BOR (and of HOR) at Pd/C than at Pt/C and (ii) the fact that most H2 produced 

at the electrode surface does not “see” Pt/C, and can be evacuated (because of the revolution 

rate of the RDE) prior reaching any Pt/C site, that are all located in the inner layer of the graded 

thin-film (i.e. not in direct contact with the electrolyte).  

In addition, the theoretical limiting current that should be obtained in the conditions of the study 

was calculated using the Levich equation (Equation II.11), with 𝑛 = 8, 𝐷 = 3.01 × 10−5 cm2 s-1, 

ν = 0.0114 cm2 s-1 and ω = 167.55 rad s-1. The values of 𝐷 and ν come from the study of Chatenet 

et al. [90] for experimental conditions that most closely correspond to those of this work. The 

theoretical limiting value was calculated to be 185 mA cmgeom
-2 and is highlighted in Figure III.6.B 

by the dashed green line. As mentioned in the previous chapter, one can see that no clear 

limiting current densities appear on the BOR voltammograms (Figure III.6.B) obtained with each 

electrode configuration; thus, the theoretical limiting current density is compared to the 



Chapter III: Impact of the catalytic layer design on the BOR 

 

 
113 

maximum current density obtained (around E = 0.8 V vs. RHE) with each electrode configuration 

which is 90, 83, 80, 80 and 70 mA cmgeom
-2 for the single Pd/C, single Pt/C, mixed, graded 

Pt/C|Pd/C and graded Pd/C|Pt/C electrodes, respectively. These values are well below the 

theoretical limiting current density value calculated above, indicating that the 8 electrons are 

not reached. This means that the BOR is limited by the amount of catalytic sites (and cannot be 

complete), hence that the ratio [catalytic sites]/[BH4
-] is too low. 

The BOR activity was further analyzed by extracting the specific activities (SA) and mass activities 

(MA) obtained at E = 0, 0.2 and 0.5 V vs. RHE from the CVs; the results are displayed in 

Figure III.8. At low potentials (E = 0 and 0.2 V vs. RHE), even if the BOR starts sooner on the single 

Pd/C electrode than the Pt-containing electrodes, the SA obtained with the single Pd/C electrode 

are significantly lower (4 to 6-fold lower at E = 0 V vs. RHE and 2 to 3-fold lower at 

E = 0.2 V vs. RHE) than the SA obtained with the Pt-containing electrodes, likely owing to the 

faster HOR kinetics on Pt. This result shows, again, that fast valorization of H2 is key in obtaining 

large currents at low BOR potentials, at least on Pt and Pd electrodes. However, at higher 

potential, when E = 0.5 V vs. RHE, the SA obtained with the single Pd/C electrode is ca. 2-fold 

higher than the other electrodes, because at this potential, Pt sites are poisoned by BHads (and 

possibly BH3,ads species) [55] and Pt can therefore not completely electrooxidize the hydrogen 

species (and BHx,ads moieties) produced during the BOR. The disparities of the mass activities in 

comparison to the specific activity can essentially be rationalized by the high ECSA of the Pt/C 

electrocatalyst (78 m2 gPt
-1) and the low ECSA of the Pd/C electrocatalyst (23 m2 gPd

-1). 
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Figure III.8. (A, B, C) Specific activities (SA) and (D, E, F) mass activities (MA) obtained on the 

catalytic layers studied in this work for (A, D) E = 0 V vs. RHE, (B, E) E = 0.2 V vs. RHE, 

(C, F) E = 0.5 V vs. RHE in 10 mM NaBH4 + 1 M NaOH. Other conditions: Ar-saturated 

electrolyte, T = 25°C, ω = 1600 rpm. 

 

For the graded electrodes, when Pt/C is layered on top of the Pd/C, the SA obtained at 

E = 0 V vs. RHE increases by ca. 30% in comparison to the inverse configuration, illustrating, as 

discussed above, that the position of the electrocatalyst influences the BOR activity. This 

confirms that fast HOR (on Pt) is key in obtaining good apparent kinetics of the BH4
- oxidation 

(at least, as long Pt sites are not poisoned by too large BH4
- concentration – and this is the case 
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at 10 mM NaBH4). In addition, one can notice that the SA and MA obtained on the mixed 

electrode are not an average of the SA and MA obtained on the single Pt/C and the single Pd/C 

electrodes, indicating a good synergy between the two materials when they are in close contact. 

This statement can be extended to the overall RDE results: mixed or graded electrode structures 

(in general) enable to improve the BOR activity (in terms of low-potential kinetics) due to the 

synergy between the two materials in these configurations. The impact of mixing and grading 

the electrocatalysts in the anodes of H2O2-DBFCs was further elucidated in fuel cell 

configuration. 

III.4.2 H2O2-DBFC configuration measurements 

III.4.2.1 Polarization curves and power curves 

The H2O2-DBFC performances obtained with the different anodic catalytic layer configurations 

were investigated for low (10 mM NaBH4 + 1 M NaOH and 40 mM H2O2 + 1 M H2SO4) and high 

(100 mM NaBH4 + 1 M NaOH and 400 mM H2O2 + 1 M H2SO4) electrolyte concentrations at room 

temperature. The corresponding polarization curves and power curves are displayed in 

Figure III.9 (the curves displayed are an average between the three experiments). The geometric 

current densities (jgeom) were obtained by dividing the current by the geometric active area of 

the flow field (2.45 cm2). It is in principle assumed that the H2O2-DBFCs performances are not 

cathode-limited and that the electrochemical response is mainly due to the anode. However, 

because the polarization and power curves correspond to the performances of the complete 

H2O2-DBFC, they may include some losses from the reduction of H2O2 at the cathode, especially 

at low cell voltage, and also Ohmic losses (essentially originating from poor Na+ migration in the 

Nafion 117 membrane). 
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Figure III.9. H2O2-DBFC performances obtained on the different anodic catalytic layer 

configurations studied in this work; (A, B) polarization curves and (C, D) power curves obtained 

for (A, C) 10 mM NaBH4 + 1 M NaOH and 40 mM H2O2 + 1 M H2SO4 and (B, D) 100 mM NaBH4 + 

1 M NaOH and 400 mM H2O2 + 1 M H2SO4 at room temperature. 

 

o H2O2-DBFC performances analysis for 10 mM NaBH4 

For low fuel concentration (Figure III.9.A.C), it is interesting to notice that the trend observed 

from the FC results is similar to the trend observed in RDE configuration: the H2O2-DBFCs made 

with the mixed and graded anodes exhibit similar polarization curves than the single Pt/C anode, 

specifically for high cell voltages (Ucell > 1.3 V). This observation nicely confirms that the BOR 

mechanism is dominated by Pt in these conditions (low NaBH4 concentration, low temperature, 

and low anodic potential) and that the BOR is not affected by the addition of Pd in the mixed 

and graded configurations. When Ucell decreases, H2O2-DBFCs with Pt-containing anodes show a 

slight variance in performance from each other but in general exhibit the same electrochemical 

behavior until Ucell ≈ 0.8 V. Below this cell voltage value, a distinct change in the polarization 

curves is observed for all fuel cells but it is more pronounced for the graded anodes. The 

H2O2 - DBFC with single Pd/C anode displays lower current densities and different polarization 

curve than the Pt-containing anodes, suggesting a different BOR mechanism (and slower overall 
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BOR kinetics). The OCV obtained (see Table III.4) with this anode is slightly higher (1.7 V) than 

the Pt-containing ones (ca. 1.67 V), which is in agreement with the observations in RDE 

configuration (the lowest onset potential was obtained with the single Pd/C electrode); a higher 

contrast could have been expected between the OCV reached with the single Pd/C anode and 

the Pt-containing anodes, though, since the onset potential was 70 mV lower on the single Pd/C 

electrode than the Pt-containing electrodes in RDE configuration, but RDE are not subjected by 

fuel (and oxidant) crossover, which presently affects DBFC performances. 

When looking closely at the polarization curves, they seem to be composed of two distinct parts: 

the first one for Ucell > 0.8 V, and the other one for Ucell < 0.8 V, suggesting that two main 

electrochemical processes occur, as observed in RDE configuration (corresponding to low and 

high anodic potential domains). According to the results obtained in the previous chapter, it is 

likely that the first process corresponds to the overall BOR (with the succession of the 

electrooxidation of BOR intermediate species), and that at lower cell voltage, i.e. high anodic 

potential, the apparent curve rupture could correspond to the disinsertion of Pd hydrides, since 

this change is mostly observed for the Pd-containing anodes. The rupture of the curve observed 

for Ucell < 0.8 V could also be due to the cathode limitation. 

The highest maximum power densities values (Pmax, see Table III.4) are obtained with the Pt-

containing anodes reaching ca. 55 mW cm-2, while the lowest maximum power density is 

obtained on the single Pd/C anode (46 mW cm-2); in all cases, the maximum power density is 

reached for Ucell ≈ 1 V. Besides, the maximum power densities are obtained when the current 

densities reach the “limiting current densities” observed in the range 0.8 < Ucell < 1.2 V. 

According to these observations, this limiting current value obtained for each anode 

configuration was measured for Ucell = 1 V and compared to the theoretical maximum current 

that could be reached in the conditions of the study, according to the fuel concentration and 

flow rate. The latter was calculated using Equation III.1, assuming that each BH4
- anion was 

completely electrooxidized via an 8-electron reaction without H2 generation (and that the H2O2 

cathode is not limiting). 

where [BH4
-] is the concentration of BH4

- (mol cm-3) feeding into the cell at the volumetric flow 

rate (VFR, cm3 s-1), 𝐹 is the Faraday’s constant (96 500 C mol-1) and 𝑛𝑒 is the theoretical (maximal) 

number of electrons released per BH4
- species (𝑛𝑒 = 8). 

  𝐼max,theo = [BH4
−] × VFR × 𝐹 × 𝑛𝑒 Equation III.1 
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Given a flow rate of 10 mL min-1 (0.167 cm3 s-1), the theoretical maximum current for 10 mM 

NaBH4 is 1.29 A, corresponding to jgeom = 526 mA cmgeom
-2. The limiting current density values 

obtained at Ucell = 1 V are rather similar for the five anode configuration, between 43 and 

48 mA cmgeom
-2, which is well below the expected theoretical value. Several reasons could 

account for the important difference observed between the theoretical value and the measured 

values of “limiting currents”. Regarding the electrochemical process, the BOR kinetics might be 

very slow (especially on Pd sites), the catalytic surface might be poisoned by BOR intermediate 

species or blocked by H2 bubbles; these two explanations would mean that the limiting current 

observed experimentally may not originate from a mass-transport limitation, but instead by a 

surface limitation (number of adsorbed intermediate species that can be formed/oxidized), as it 

was also observed for RDE thin-film (see section III.4.1); also, the BOR mechanism might not be 

an 8-electron process (this is very likely, especially on Pt electrodes, see the RDE results above 

presented in Figure III.6.B), and other reactions (such as HER, at low potential, and HOR, at 

higher potential) might occur in parallel to the main BOR process (but in a non-quantitative 

manner, resulting in H2 losses – these will be asserted by H2 escape measurements, see below). 

To be more specific regarding the last point, the present cell design may lead to imperfect 

electrooxidation of the H2 produced via the hydrolysis of BH4
-, because the membrane is not in 

close contact to the electrode: this configuration likely creates a fuel flow layer, thereby leading 

to more facile H2 bubbles escape from the catalytic surface (in other words, should H2 bubbles 

be formed, they are not forced to flow through the anode, hence a non-negligible H2 escape, 

see below). Finally, cross-over of fuel and oxidant may be more pronounced in this 

configuration, again, because the reactants first “see” the membrane before being depleted in 

the anode and cathode. 

From these observations, the percent fuel utilization (η) can also be calculated, simply by 

dividing the limiting current measured at Ucell = 1 V (Imax,1V) by the maximum theoretical current 

(Imax, theo): 

 

The value of the percent fuel utilization (see Table III.4) is 9% for almost all the anode 

configuration (it is 8% for the single Pd/C anode), which is well below the ideal 100%. The 

reasons mentioned above could account for this result, but the very low percent fuel utilization 

is most likely due to the fact that the fuel flow rate was not adapted to the current density in 

  η =  
𝐼max,1V

𝐼max,theo
× 100 Equation III.2 
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these experiments. This is the strategy adopted in the case of PEMFC, where the hydrogen and 

oxygen stoichiometry values are adapted (via the gas flow rate) to the current density in order 

to optimize the FC efficiency [244,245]. In other words, the electrocatalysts were “saturated” 

with reactants in the present conditions, which, knowing the possible poisoning of the anode by 

BHx, ads species could be counter-productive. This strengthens the proposition that the “limiting 

currents” monitored experimentally could be due, at least to some extent, to adsorption-

limitations at the anode, owing to a too small [catalytic sites]/[BH4
-] ratio. Now, optimizing the 

cell efficiency (electrode thickness, membrane thickness, metal loading, electrode substrate, 

flow rate, etc.) would require non-negligible experimental effort, which was beyond the scope 

of the present study. In addition, enhancing the fuel utilization would mean using more catalyst 

at the anode, which we did not want to apply, to try to keep limiting anodes in the results. 

Finally, for the graded anode configurations, the results highlight that (i) the nature of the 

electrocatalyst which is the closest to the fuel inlet does not influence the fuel cell performances 

(in terms of OCV, maximum power density and percent fuel utilization), and (ii) that the 

performances obtained with the mixed and graded anodes are not an average of the 

performances obtained on the single Pt/C and Pd/C anode; this result nicely confirms the 

existence of a positive synergy between the two materials. 

Table III.4. OCV, power density, and percent fuel utilization values obtained from the 

H2O2-DBFCs with the different catalytic layer configurations for 10 and 100 mM NaBH4 in 

1 M NaOH. 

CL 

configuration 

OCV (V) Pmax (mW cm-2) η (Ucell = 1 V) (%) 

10 mM 

NaBH4 

100 mM 

NaBH4 

10 mM 

NaBH4 

100 mM 

NaBH4 

10 mM 

NaBH4 

100 mM 

NaBH4 

Single Pd/C 1.70 ± 0.01 1.72 ± 0.02 46 ± 3 210 ± 2 9 5 

Single Pt/C 1.67 ± 0.03 1.67 ± 0.01 54 ± 2 275 ± 3 8 3 

Mixed Pt/C + 

Pd/C 
1.65 ± 0.03 1.63 ± 0.02 54 ± 3 168 ± 2 9 3 

Graded 

Pt/C|Pd/C 
1.67 ± 0.02 1.67 ± 0.01 55 ± 2 258 ± 2 9 5 

Graded 

Pd/C|Pt/C 
1.69 ± 0.01 1.67 ± 0.02 56 ± 1 260 ± 4 9 5 
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o H2O2-DBFC performances analysis for 100 mM NaBH4 

When the fuel concentration is increased to 100 mM, the trend of the polarization curves (see 

Figure III.9.B.D) is different from the one observed for low NaBH4 concentration: the polarization 

curves obtained with the single Pt/C and the graded anodes are rather similar even if the single 

Pt/C anode slightly outperforms (in terms of current densities) the graded electrodes. The 

polarization curves obtained on the single Pd/C and the mixed anodes exhibit lower current 

densities. This possibly originates from an apparent different BOR mechanism, since the overall 

polarization curve shape differs from the ones obtained with single Pt/C anode and the graded 

anodes. In addition, the mixed anode outperforms the single Pd/C anode, but only when 

Ucell > 1.1 V. It is interesting to notice that the OCV values (see Table III.4) are overall identical to 

the ones obtained for low NaBH4 concentration. Higher OCV values could have been expected, 

as it was observed in the previous chapter that the onset potential shifts towards negative values 

when the NaBH4 concentration increases from 5 to 500 mM NaBH4 for Pd-containing 

electrocatalysts. This indicates that parameters not accounted for in RDE may be at stake in 

DBFC configuration; a likely reason for the lower-than-expected OCV is the reactant cross-over 

through the Nafion membrane (both of H2O2 and of BH4
-, this cross-over provoking mixed 

potentials at the two electrodes, because none of the electrocatalysts used are selective to their 

respective reactants). 

In addition, the overall shapes of the polarization curves are different from the ones obtained 

for low electrolyte concentration: no clear limiting current densities are observed, but a change 

of electrochemical process seems to operate when Ucell = 0.5 – 0.6 V. The highest maximum 

power densities are obtained with the single Pt/C anode and the graded anodes: 275 and 

260 mW cm-2 are measured, respectively. These performances are quite good given the rather 

low fuel concentration (100 mM NaBH4 in 1 M NaOH), the moderate metal loading of the anodes 

(≈ 0.3 mgmetal cmgeom
-2) and the low temperature of operation (T ≈ 25°C) in comparison to the 

existing literature [45,87,121,246–257]. For all anode configurations, the maximum power 

density value is obtained in the cell voltage range 0.9 < Ucell < 1 V. 

In a similar manner than what was done for low electrolyte concentration, the theoretical 

maximum current that could be reached in the conditions of the study was calculated using 

Equation III.1: it is 12.9 A, corresponding to jgeom ≈ 5300 mA cmgeom
-2. The current density values 

obtained for the five catalytic designs at Ucell = 1 V are between 160 and 275 mA cmgeom
-2, which 

is, again, well below the theoretical value. Even at lower cell voltage, the current density fails to 

exceed 500 mA cmgeom
-2. The reasons that could rationalize this result are identical to the ones 
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mentioned above (for the low NaBH4 concentration); in addition, the low ratio [catalytic 

sites]/[BH4
-] could also account for this result. In these conditions, the percent fuel utilization, 

calculated for Ucell = 1 V using Equation III.2, is 5% for the graded anodes and the single Pd/C 

anode, and it is 3% for the mixed anode and the single Pt/C anode, again highlighting the 

necessity to optimize the fuel flow rate to the current density values if one wants to target higher 

fuel/cell efficiency, and also to heighten the catalytic loading in the anode. 

Finally, regarding the influence of mixing and grading the electrocatalysts within the anode, the 

results indicate that: (i) for the graded anodes, the nature of the electrocatalyst located at the 

fuel inlet does not affect the overall fuel cell performances for such high NaBH4 concentration; 

and (ii) the performances obtained with the mixed and graded anodes are, still in these 

conditions, not an average of the performances obtained on the single Pt/C and Pd/C anodes. 

Of course, these conclusions are likely to depend on the chosen experimental parameters (e.g. 

cell temperature, ratio [catalytic sites]/[BH4
-], etc.), and studying these effects should be the 

scope of forthcoming studies. 

III.4.2.2 H2 escape measurements 

The H2O2-DBFCs performances were further analyzed with gaseous H2 escape (HE) 

measurements. HE is defined as the difference between the generated hydrogen (via the 

chemical heterogeneous hydrolysis of BH4
- and BOR intermediates or of the electrochemical 

reduction of water at low anode potential) and the consumed hydrogen (via its electrooxidation 

on the anodic electrocatalyst). As mentioned in CHAPTER I, hydrogen generation is one of the 

main impediment to the development of DBFC. Indeed, it can reduce the faradaic efficiency if 

the hydrogen generated within the anodic compartment is not electrooxidized in a quantitative 

manner, and the gas bubbles can also block the channel flow fields. Thus, HE measurements are 

essential to obtain more insights into the BOR mechanism and explain fuel cell performances. 

Figure III.10 shows the rate of HE measured at each current density for each catalytic layer 

configuration for low (Figure III.10.C) and high (Figure III.10.D) electrolyte concentrations. For 

comparison purposes, the polarization curves are also displayed in Figure III.10.A.B. 

o HE analysis for 10 mM NaBH4 

For low NaBH4 concentration, all Pt-containing anodes exhibit similar HE trends, each starting 

with a relatively high HE value when Ucell = OCV (HE ≈ 8 μL s-1). As Ucell decreases, the HE rapidly 

decreases, approaching 0 µL s-1 between 30 and 45 mA cmgeom
-2 (corresponding to Ucell = 1.5 and 

1.3 V respectively). The single Pd/C anode exhibits the lowest HE at the OCV, with only 1.8 μL s-1, 
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which is ca. 4-fold lower than the Pt-containing anodes. As Ucell decreases, the single Pd/C anode 

exhibits a gradual HE decrease, which ceases at the comparable current densities but lower Ucell 

than the Pt-containing anodes (ca. 1.2 V). For the single Pt/C and Pd/C anodes, the amount of 

HE increases again for high current densities values, after reaching zero. Overall, the results 

indicate that in these conditions, the number of active sites available for the different 

electrochemical processes, and the HOR specifically, enables to electrooxidize quite efficiently 

the H2 produced by the hydrolysis/catalytic decomposition of BH4
-, leading to minimal HE. 

These trends are in overall agreement with recent differential electrochemical mass 

spectrometry (DEMS) measurements obtained for Pt [55] and Pd [105] electrodes for low NaBH4 

concentration (5 mM). Briefly, it was reported that for such NaBH4 concentration, when the 

electrode potential is in the range 0 < E < 0.3 V vs. RHE, the equivalent HER current starts from 

a high value and decreases on Pt electrodes (indicating that H2 is electrooxidized in this potential 

range), while H2 escapes from Pd electrodes; when 0.3 < E < 0.8 V vs. RHE, no H2 is detected on 

Pt electrodes and H2 is electrooxidized on Pd electrodes; finally, when E > 0.8 V vs. RHE, H2 

escapes both for Pt and Pd electrodes, owing to the inactivity of Pt and Pd oxides towards the 

HOR, and the non-negligible H2 production by BH4
- decomposition in this potential region 

[54,105].  
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Figure III.10. H2O2-DBFC performances obtained on the different anodic catalytic layer 

configurations studied in this work; (A, B) polarization curves and (C, D) hydrogen escape (HE) 

obtained for (A, C) 10 mM NaBH4 + 1 M NaOH and 40 mM H2O2 + 1 M H2SO4 and (B, D) 100 mM 

NaBH4 + 1 M NaOH and 400 mM H2O2 + 1 M H2SO4 at room temperature. 

 

o HE analysis for 100 mM NaBH4 

For high NaBH4 concentration, the HE trends is more distinct between each anode configuration. 

The single Pt/C and the mixed anodes show a similar HE trend as with low NaBH4 concentration, 

where HE decreases with increasing current densities. However, the decrease is more gradual 

and can be attributed to a lower [catalytic sites]/[BH4
-] ratio. The mixed anode exhibits 

approximately half the HE of the single Pt/C anode at the OCV (28 μL s-1 for the mixed anode vs. 

51 μL s-1 for the single Pt/C anode) and reaches zero HE at lower current densities than the single 

Pt/C anode (230 mA cm-2 for the mixed anode vs. 400 mA cm-2 for the single Pt/C anode). These 

results illustrate that the addition of Pd/C to Pt/C, as composite material, enables to reduce 

significantly the H2 production and the subsequent H2 escape (in comparison to Pt/C). Pt being 

more active than Pd to electrooxidize the produced H2 [95], mixing electrocatalysts is beneficial; 

unfortunately, mixing Pt/C and Pd/C also non-negligibly alters the DBFC performances (see 

Figure III.10.B). The graded anodes display relatively constant HE for current densities between 
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50 and 300 mA cm-2 (ca. 20 µL s-1). Above 300 mA cm-2, the HE decreases at the graded Pt/C|Pd/C 

anode, while a small increase is observed with the graded Pd/C|Pt/C anode. The single Pd/C 

anode shows the opposite behavior from the other anodes and from low NaBH4 concentration. 

The HE escape at the OCV is low (2 μL s-1) and increases to ca. 80 μL s-1 when the current density 

exceeds 400 mA cm-2 (which corresponds to Ucell ≈ 0.4 V). This effect was also observed by 

Braesch et al. [105] and was rationalized by the inability of Pd to completely electrooxidize H2 

coupled to its larger BHx,ads poisoning at large borohydride concentration. From that prospect, 

addition of Pt/C in a Pd/C-based electrode is beneficial. 

DEMS measurements performed on Pt [55] and Pd [105] electrodes in conditions close to the 

ones used in this study (50 mM NaBH4 concentration) are also rather in line with the present HE 

measurements. The authors reported that for 0 < E < 0.9 – 1 V vs. RHE, H2 was generated and 

electrooxidized on Pt electrodes but lost on Pd electrodes; when E > 0.9 – 1 V vs. RHE, H2 was 

not detected on Pt electrodes and electrooxidized on Pd electrodes. 

III.4.2.3 Discussion  

In the light of all the different measurements performed, a further analysis and discussion of the 

results obtained is proposed hereafter. 

o 10 mM NaBH4 

When the fuel concentration is low, both RDE and FC measurements indicate that the overall 

apparent BOR mechanism is controlled by the Pt/C electrocatalyst for all the Pt/C-containing 

electrodes: similar voltammograms or polarization curves, as well as similar OCV, maximum 

power densities and HE feature are obtained. However, some differences can be noticed 

between the RDE measurements and the H2O2-DBFC measurements. In RDE configuration, the 

graded Pt/C|Pd/C electrode outperforms the graded Pd/C|Pt/C one, especially at low electrode 

potential (0 and 0.2 V vs. RHE, corresponding to approximate cell voltages of 1.65 and 1.45 V, 

respectively). On the contrary, in FC configuration, both graded anodes have similar 

performances at most cell voltages. These differences could most probably come from the 

different electrode architecture and cell design between the two configurations. In RDE 

configuration, the graded electrodes are composed of two electrocatalyst layers, graded one on 

top of the other, while in FC configuration, the electrodes are composed of three catalytic layers, 

graded along the flow field from fuel inlet to fuel outlet. Thus, in the former configuration, the 

“on top” electrocatalyst is closer to the convection boundary layer than the one which is close 

to the glassy-carbon support; alternatively, in the latter configuration, each 
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electrocatalyst/catalytic layer has similar boundary layer thickness, but may be exposed to 

different concentrations of ions in the fuel, depending on which type of catalyst is upstream. 

Also, each catalytic layer in the H2O2-DBFC is on one wall of a flow field, and fed with large excess 

of reactant, leading some reactants to flow through the cell without interacting with the 

electrocatalysts. Additionally, the RDE electrodes have more chance to be kinetically controlled 

(because the loading of the catalyst is smaller), whereas the H2O2-DBFCs are more likely 

mass-transport limited, at least at the lower concentrations and in the region close to the 

electrode, according to the cell design (see Figure III.4), even though we have noted above, that 

surface limitation (e.g. poisoning by stable adsorbates) could also be at stake. One can also not 

rule out that the cathode can be, to some extent, limiting the H2O2-DBFC performance. 

Finally, for low fuel concentration, the RDE measurements indicate that mixing and grading 

electrocatalysts enable to enhance the BOR kinetics and activity in comparison to single Pt/C 

and single Pd/C electrode. In FC configuration, mixing and grading the electrocatalysts leads to 

better performances in comparison to single Pd/C anode, except for the HE, which is still lower 

with the single Pd/C anode. 

o 100 mM NaBH4 

When moving to higher fuel concentration, more variation in performances between each H2O2-

DBFC with Pt-containing anodes is witnessed. Specifically, the changes in polarization curves 

shapes and the HE trends indicate that Pd/C plays a more substantial role in the H2O2-DBFCs 

performances, especially for the mixed anodes. To understand the role of Pd in the overall cell 

performances, several factors including the production and escape of gaseous H2 need to be 

considered. 

The results displayed in Figure III.10.C.D show minimal HE on the single Pd/C anode prior to 

current flow at both NaBH4 concentrations and significant increases when current is flowing at 

high NaBH4 concentration. It is assumed that at the OCV, little H2 is produced via the hydrolysis 

of BH4
- (and HER) at the Pd surface (Equation III.3); then, when a load is applied, more H2 can be 

produced via the hydrolysis of BH3OH- (Equation III.4) and the partial dissociative adsorption of 

BH4
- into BH3-like intermediates could proceed (Equation III.5Erreur ! Source du renvoi 

introuvable.), followed by the dehydrogenation of BH3, ads into BHads + H2 (Equation III.6). 

 

  BH4
− +  H2O → BH3OH− +  H2 Equation III.3 

 BH3OH− +  H2O → BO2
− + 3 H2 Equation III.4 
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BH4

− +  OH− → BH3,ads +  H2O + 2 e− 
Equation III.5 

 
BH3,ads → BHads + H2 

Equation III.6 

 

The poisoning of Pd surface by the adsorbate BOR intermediate species and a slower HOR 

kinetics on Pd than Pt in alkaline media [95] could prevent the complete oxidation of H2, leading 

to an increase in HE as the cell voltage decreases, in comparison to Pt-containing anodes. Thus, 

we can conclude that Pd/C is not an effective electrocatalyst for a full 8-electron BOR when used 

alone, in particular at high NaBH4 concentration, in line with the previous study of Olu et al. [70]. 

A significant difference in HE is observed between H2O2-DBFCs with Pt-containing anodes in 

comparison to singe Pd/C anode. As discussed above, HE caused by hydrolysis of BH4
- (and/or 

HER) at the OCV at the single Pd/C anode is minimal in comparison to single Pt/C anodes. 

Therefore, it can be concluded that most H2 production and subsequent escape are the result of 

BH4
- hydrolysis (and/or HER) at the Pt surface in the mixed and graded anodes at high cell 

voltage; as the cell voltage decreases, the source of HE might shift from H2 production at Pt 

surface (mostly by HER) to H2 production at Pd surface (mostly by BH4
- decomposition). In 

addition, one can observe from Figure III.10.D that HE decreases on the graded Pt/C|Pd/C anode 

when the current density exceeds 350 mA cmgeom
-2 (corresponding to ca. 0.7 V), which is not the 

case with the graded Pd/C|Pt/C anode. This result indicates that there is a benefit to put Pd/C 

at the fuel outlet since it is enable to electrooxidize gaseous H2 at high potential (i.e. low cell 

voltage) in these conditions, while Pt/C cannot. It is also likely that Pt surface is more subject to 

(i) adverse oxides formation and (ii) severe poisoning at such concentration, in comparison to 

Pd, thereby leading to more HE when Pt/C is located at the fuel outlet. 

The question remains why the H2O2-DBFC with the mixed anode perform so poorly in terms of 

current density and maximum power density in comparison to the other anodes, whereas the 

HE is significantly lower with this anode. The low current density in addition to the low HE may 

suggest more poisoning by adsorbate species both on Pt and Pd surface in this configuration, 

but the authors fall short to understand why. 

Finally, for high fuel concentration, the main advantage of the graded and mixed anodes is to 

decrease the HE; but surprisingly, the single Pt/C anode still leads to the highest current density 

and maximum power density, demonstrating, again, that if Pt is winner in generating H2, it is 

also the best material to valorize it fast. 
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III.5 Conclusions 

In this chapter, the impact of five different catalytic layer design on the BOR kinetics and activity 

was studied in RDE configuration and in H2O2-DBFC configuration, for low (10 mM) and high 

(100 mM) fuel concentration, at room temperature. Specifically, Pt/C and Pd/C electrocatalysts 

were used as single (Pt/C or Pd/C), mixed (Pt/C + Pd/C) and graded (Pt/C to Pd/C or Pd/C to Pt/C) 

electrodes. 

The results reveal that the main advantage of mixing and grading the electrocatalysts is the 

reduction of the rate of H2 escape, especially at high NaBH4 concentration and high cell voltage, 

in comparison to the use of a single Pt/C anode. This indicates that the presence of Pd/C in an 

in-plane-graded configuration with Pt/C and when mixed with Pt/C is beneficial to the overall 

performances of a H2O2-DBFC. Besides, the OCV and maximum power density values obtained 

with the graded anodes are rather similar to the ones obtained with the single Pt/C anode. 

The modifications of the overall BOR mechanism occurring in each catalytic layer design are still 

unclear and would require a significant amount of work to be understood; however, some 

assumptions were suggested. Besides, these modifications may change when the cell 

temperature is increased and further research into the effects of temperature using graded 

anodes would be necessary to uncover the scientific truth. 

Finally, the advantage of graded electrodes design highlighted in this study offers future 

prospects for the combination of other electrocatalysts, that could provide superior DBFC 

performances and warrant larger cell efficiency. 

Now, if the research of the best anode for the DBFC, via the combination of electrocatalyst(s) in 

an appropriate electrode structure is often focused on the BOR activity and efficiency, the 

stability in operation of the latter is a major issue: the last part of this manuscript is dedicated 

to this issue and studies the degradation mechanism of carbon-supported electrocatalysts in 

liquid alkaline media.  
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IV.1 Motivations of the study 

The recent work of Zadick and coworkers [176] revealed that state-of-the-art carbon-supported 

platinum electrocatalysts suffer extensive degradation during an accelerated stress test (AST), 

which consists of 150 cyclic voltammetry (CV) in the potential range 0.1 < E < 1.23 V vs. RHE in 

0.1 M NaOH at T = 25°C. The authors reported that the electrochemical surface area (ECSA) 

decreased by ca. 60% after the AST. Surprisingly, this intense degradation was neither connected 

to major dissolution of the nanoparticles (NPs), nor to corrosion of their carbon substrate (no 

features of such processes were monitored by Raman spectroscopy and X-Ray photoelectron 

spectroscopy). It was thus postulated that the degradation occurs mostly via the detachment of 

the Pt NPs, likely via the destruction of the anchoring point between the Pt NPs and the carbon 

support.  

According to the work of Ross et al. [148–151], who revealed that carbonates (or even gaseous 

CO2) could form during carbon black degradation in alkaline media, it was believed that the 

destruction of the anchoring point between the Pt NPs and the carbon substrate could result 

from the formation of solid carbonates at the vicinity of the Pt|C interface. Precisely, it was 

suspected that the Pt|C interface was gradually and irreversibly destroyed by local and very 

superficial carbon corrosion catalyzed by the metal NPs, resulting in local CO2 formation, which 

transforms into solid carbonates (in alkaline environment) between the metal NPs and their 

support, thereby leading to the detachment of the Pt NPs. Such a process is simply depicted in 

Figure IV.1, where the different steps could be: (i) at low potential, oxygen-containing surface 

groups form on the carbon support, (ii) at higher potential, OHads spontaneously form on the Pt 

surface and react with the oxygen-containing surface group on the carbon support to form CO2, 

(iii) CO2 is converted into solid carbonates at the Pt|C interface. The process would be repeated 

along the 150 CVs leading to the accumulation and growth of solid carbonates at the interface 

between the Pt NPs and their carbon support, which would lead to their detachment. This 

mechanism was however not supported by experimental evidences, so several questions 

remained unanswered: 

 Is the degradation mechanism linked to a CO-stripping-like process at the Pt NPs 

surface? 

 Is the extent Pt NPs detachment reduced if the solid carbonates are more soluble? 

 Can the carbonates be experimentally tracked? 

 Is the degradation mechanism really a Pt-assisted local corrosion of the carbon? 
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 Is the degradation mechanism linked to the ability of the electrocatalyst to 

electrooxidize CO-containing species into CO2? 

To answer these questions and gain further insights into the degradation mechanism of Pt/C in 

alkaline media, several experiments were set up, including the modification of the benchmark 

AST protocol used by Zadick and coworkers: the influence of the nature of the alkaline 

electrolyte was notably studied. In addition, in situ Fourier transform infrared (FTIR) 

spectroscopy was used to track the carbonates species in the course of the aging of the 

electrocatalysts. Besides, in a tentative to extend this mechanism to other carbon-supported 

platinum group metal (PGM) electrocatalysts, the degradation of PtRu/C and Pd/C was also 

surveyed.  

 

 

Figure IV.1. Illustration of the tentative degradation mechanism of Pt/C occurring during 

150 CV in the potential range 0.1 < E < 1.23 V vs. RHE at ν = 100 mV s-1 in 0.1 M NaOH, 

T = 25°C. 

 

Most of the results presented in this chapter were published in the following papers: 

C. Lafforgue, M. Chatenet, L. Dubau, D. Dekel, Accelerated stress test of Pt/C nanoparticles in an 

interface with an anion-exchange membrane – an identical-location transmission electron 

microscopy study, ACS Catal. 8 (2018) 1278-1286.  

Contribution: C.L. performed the AST in liquid electrolyte, analyzed the data, discussed the 

results and approved the final version of the manuscript. 
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C. Lafforgue, A. Zadick, L. Dubau, F. Maillard, M. Chatenet, Selected review of the degradation 

of Pt and Pd-based carbon-supported electrocatalysts for alkaline fuel cells: towards 

mechanisms of degradation, Fuel Cells. 18 (2018) 229-238. 

Contribution: C.L. performed the FTIR experiments and the AST conducted in several alkaline 

electrolytes, analyzed the data, discussed the results and approved the final version of the 

manuscript. 

C. Lafforgue, F. Maillard, V. Martin, L. Dubau, M. Chatenet, Degradation of carbon-supported 

platinum-group-metal electrocatalysts in alkaline media studied by in situ Fourier transform 

infrared spectroscopy and identical-location transmission electron microscopy, ACS Catal. 9 

(2019) 5613-5622. 

Contribution: C.L. performed the electrochemical experiments, analyzed the data, discussed the 

results and wrote the first version of the manuscript. 

IV.1 Experimental details 

IV.1.1 Electrocatalysts 

The carbon-supported electrocatalysts were purchased from E-TEK or Premetek and used as 

received. They are all supported on Vulcan XC72 carbon black and are referred to as 10, 40 or 

80 wt.% Pt/C, 10 or 40 wt.% PtRu/C and 10 or 40 wt.% Pd/C depending on the metal weight 

percent.  

IV.1.2 Physical and chemical characterizations 

The electrocatalyst morphology of all these materials was analyzed by TEM and/or STEM 

associated with X-EDS elemental maps. Annex 2.A provides experimental details for these 

measurements. 

XPS patterns were acquired to study the evolution of the oxygen content during the AST. They 

were analyzed by dividing the peak areas of the O1s and the C1s signal (without the contribution 

of Nafion®-related envelopes), after proper background subtraction by their respective atomic 

sensitivity factors: 

 (
O1s

C1s
) =  

IO1s

0.63
×

0.205

IC1s
 

Annex 2.C provides experimental details for these measurements. 
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IV.1.3 Electrochemical measurements 

All the electrochemical measurements were performed using a Bio-Logic® potentiostat. The 

glassware and plastic accessories used for the experiments were soaked in Caro’s acid (1-1 vol.% 

H2O2 (30 wt.%)-H2SO4 (> 95 wt.%)) overnight to eliminate organic and metallic pollution and 

thoroughly rinsed and boiled with ultrapure water (18.2 MΩ cm, < 3 ppb total organic carbon, 

Millipore Elix + Gradient, Millipore) prior to use. 

IV.1.3.1 Accelerated stress test (AST) 

AST were performed in a four-electrode electrochemical cell: (i) the reference electrode was a 

freshly-prepared RHE used during maximum 2 hours; (ii) the counter electrode was a glassy-

carbon plate, to avoid possible pollution of the working electrode from its dissolution [195]; 

(iii) the fourth-electrode was a gold wire and (iv) the working electrode was made of a 10 µL-

deposition of electrocatalyst suspension on a 5 mm-glassy-carbon RDE, to yield a loading of 

20 µgmetal cmgeom
-2. The electrocatalyst suspension contains 10 mg of electrocatalyst 

(10 wt.% Pt/C, 10 wt.% PtRu/C or 10 wt.% Pd/C), 1755 µL of ultrapure water, 61 µL of 

5 wt.% Nafion® solution and 730 µL of isopropanol (IPA). This drop was then dried with a heat 

gun while the electrode was rotated. Fresh electrolyte solutions (0.1 M MOH, M = Li, Na, K, Cs) 

were prepared using LiOH (Aldrich), NaOH (Suprapur, Merck), KOH (Alfa Aesar), CsOH (Aldrich) 

and ultrapure water.  

A second cell was required to perform characterization step and COads-stripping measurements 

in acidic electrolyte before and after the AST conducted in alkaline electrolyte. The 

corresponding four-electrode electrochemical cell contained (i) a freshly-prepared RHE used 

during maximum 2 hours; (ii) a platinum mesh counter electrode; (iii) a platinum wire as the 

fourth-electrode and (iv) each of the working electrodes that were used for the AST. 

The overall AST protocol used (the same used by Zadick et al. [176]) is detailed hereafter: 

 The electrode is first introduced in the acidic cell (in Ar-saturated electrolyte) where it 

undergoes the following steps: 

a) 15 CV recorded in the potential range from E = 0.1 to 1.23 V vs. RHE at a potential sweep 

rate ν = 50 mV s-1; 

b) CO-bubbling during 6 min followed by Ar-bubbling during 39 min while the electrode 

potential is maintained at E = 0.1 V vs. RHE; 

c) 3 CV in the potential range from E = 0.1 to 1.23 V vs. RHE at ν = 20 mV s-1; 
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 The electrode is removed from the “acidic cell”, thoroughly rinsed with ultrapure water and 

introduced in the “alkaline cell” (in Ar-saturated electrolyte) where the AST is performed as 

follow: 

d) 150 CV recorded in the potential range from E = 0.1 to 1.23 V vs. RHE at ν = 100 mV s-1; 

 

 The electrode is removed from the “alkaline cell”, thoroughly rinsed with ultrapure water 

and put back in the “acidic cell” (in Ar-saturated electrolyte) where step a) to c) are 

performed again. 

The COads-stripping CV enabled to estimate the ECSA loss during the AST assuming that the 

charge density associated with the adsorption of one monolayer of COads is 420 μC cmPt
-2. Zadick 

et al. verified that the characterization had very little impact for Pt/C electrocatalyst, but a little 

more for Pd/C electrocatalyst [176,177]. 

AST were also performed using a specific TEM grid as working electrode in order to study the 

evolution of the electrocatalyst morphology after the AST via the identical-location transmission 

electron microscopy (IL-TEM) technique. This technique was introduced by Mayrhofer et al. in 

2008 [258]; it enables to observe the electrocatalysts on identical and well-identified zones 

before and after an electrochemical treatment. To that goal, a drop of an electrocatalyst 

suspension was deposited onto a gold TEM grid baring a Lacey-carbon membrane, which was 

used as the working electrode in dedicated experiments. In practice, the gold TEM grid was 

maintained between two carbon plates, themselves pressed together thanks to a crocodile clip, 

which serves as current collector. In this configuration, only step d) is performed, the grid being 

maintained in a hanging-meniscus configuration. 

IV.1.3.2 In situ FTIR spectroscopy measurements 

The in situ FTIR measurements were performed using a Bruker Vertex 70V spectrometer 

equipped with a liquid-N2-cooled MCT (mercury-cadmium-telluride) detector. The spectra were 

collected in external reflection using p-polarized light, each single-beam spectrum being 

obtained by co-adding 256 (or 512) interferograms acquired at 4 cm-1 spectral resolution with 

an interferometer frequency of 40 kHz and then Fourier transformed. More details about this 

technique are given in Annex 2.D. 

A picture of the global set up is displayed in Figure IV.2.A. A homemade three-electrode 

electrochemical cell (Figure IV.2.B) was used and a CaF2 prism beveled at 60° constituted the 

bottom of the cell (Figure IV.2.C): (i) the reference electrode was a freshly-prepared RHE used 
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during maximum 2 hours; (ii) the counter electrode was a platinum mesh and (iii) the working 

electrode was made of 8 µL-deposition of electrocatalyst suspension on a 5-cm-gold electrode 

(Figure IV.2.D); the drop was then dried in an oven at T = 110°C. The same quantity of carbon 

was deposited on the gold electrode whatever the initial metal weight fraction, so as to compare 

thin-film electrodes of the same thickness. The electrocatalysts suspensions compositions are 

given in Table IV.1. The electrolyte (0.1 M NaOH) was prepared using NaOH-H2O crystals 

(Suprapur, Merck) dissolved in ultrapure water. 

Two AST electrochemical protocols coupled with in situ FTIR measurements were used:  

o Cycling-protocol 

a) Ar-bubbling during 15 min; 

b) 5 CV were recorded in the potential range from E = 0.1 to 1.23 V vs. RHE at v = 50 mV s-1 in 

a hanging-meniscus configuration; 

c) the working electrode was pressed against the CaF2 prism (thin layer configuration), its 

potential being maintained at E = OCP. When an electrode position with an optimum 

reflectivity was obtained, 5 spectra were registered; 

d) 150 CV were recorded in the potential range from E = 0.1 to 1.23 V vs. RHE at v = 20 mV s-1; 

256 interferograms were collected every ca. 1 min. 

The data were plotted using relative reflectivity R/ROCV, where R and ROCV are the reflectivity 

obtained during the acquisition and at the OCV, respectively. With this methodology, positive-

going bands correspond to species consumption and negative-going bands correspond to 

species production. 
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Figure IV.2. Pictures of the in situ FTIR measurements setup and materials: (A) electrochemical 

cell introduced in the spectrometer; (B) electrochemical cell; (C) CaF2 prism pressed against the 

bottom of the cell, (D) working electrode. 
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Table IV.1. Composition of the electrocatalysts suspensions used for the FTIR measurements. 

Electrocatalyst 

(commercial) 

Electrocatalyst 

amount 

(mg) 

H2O 

(µL) 

Nafion® 5 wt.% 

(µL) 

IPA 

(µL) 

10 wt.% Pt/C E-TEK 10 5770 18.3 2000 

40 wt.% Pt/C E-TEK 10 3590 41.2 1600 

80 wt.% Pt/C E-TEK 10 1405 1.37 330 

40 wt.% PtRu/C E-TEK 10 3590 41.2 1600 

40 wt.% Pd/C 

Premetek 
10 3590 41.2 1600 

 

o Stepwise-protocol 

a) Ar-bubbling during 15 min; 

b) 5 CV were recorded in the potential range from E = 0.1 to 1.23 V vs. RHE at v = 50 mV s-1 in 

a hanging-meniscus configuration; 

c) the working electrode was pressed against the CaF2 prism (thin layer configuration), its 

potential being maintained at E = 0.1 V vs. RHE. When an electrode position with an 

optimum reflectivity was obtained, 5 spectra were monitored; 

d) a succession of 100 mV steps increased the working electrode potential up to 

E = 1.2 V vs. RHE, an intermediate step to the low (control) potential E = 0.1 V vs. RHE being 

applied between each potential step; 512 interferograms were collected at each step. 

The data were plotted using relative reflectivity RE/Rref, where RE and Rref are the reflectivity 

obtained at the desired potential (E = 0.2, 0.3, …, 1.2 V vs. RHE) and the reference potential 

(mainly 0.1 V vs. RHE), respectively. With this methodology, positive-going bands correspond to 

species consumption and negative-going bands correspond to species production. 

 

In situ FTIR COads-stripping experiments were also performed. In that case, the working electrode 

was polycrystalline Pt. The electrolyte was purged with CO for 6 min, and then with Ar for 

39 min. During this process, the working electrode was permanently pressed against the CaF2 

prism while keeping its potential at E = 0.1 V vs. RHE. Then, the same succession of potential 

steps as described above (stepwise protocol) was applied. 
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IV.2 Preliminary study 

IV.2.1 Influence of the potential range  

The influence of the potential range on the extent of degradation was firstly investigated in 

order to know if the degradation mechanism could be linked to a COads-stripping-like process. 

To that goal, the main potential range (0.1 < E < 1.23 V vs. RHE) used in the “benchmark” AST 

protocol was divided into two ranges: a low-potential range (0.1 < E < 0.6 V vs. RHE) and a high-

potential range (0.6 < E < 1.23 V vs. RHE). It is worth mentioning that the electrocatalyst used in 

the whole present study, i.e. a commercial 10 wt.% Pt/C from E-TEK, was different from the one 

used by Zadick et al. [176], who used a commercial 20 wt.% Pt/C electrocatalyst (from E-ETK). 

However, the morphology (particle size) of the two electrocatalysts was rather similar, and this 

study enabled to evaluate the impact of the platinum weight fraction on the Vulcan XC72 carbon 

at the exclusion of any major particle size effect. 

The COads-stripping obtained pre and post-AST in 0.1 M NaOH in the three different potential 

ranges (“full”, “low” and “high”) are displayed in Figure IV.3. As a reminder, the COads-stripping 

CVs enable to give insights into the degradation mechanism, since this technique is highly 

sensitive to the electrocatalyst surface morphology (particle size, extent of agglomeration) 

[231,259]. As an example, the pre-peak located at E ≈ 0.7 V vs. RHE is due to agglomerated 

NPs [231]. 

When the AST is performed in the full-potential range, the results obtained are in line with the 

ones obtained by Zadick et al. with 20 wt.% Pt/C [176]: the extent of agglomeration is important 

(see the pre-peak located at E = 0.7 V vs. RHE on the red CV in Figure IV.3), and the ECSA 

decreases by 61% (Zadick et al. [176] reported ca. 57%). This demonstrates that the fate of Pt/C 

NPs is not linked to the initial metal weight fraction of the electrocatalyst. When the AST is 

performed in a reduced potential range, the ECSA decreases by 18% and 30%, for the low and 

high-potential range, respectively. In addition, one can notice that the extent of agglomeration 

is much less important in comparison to the case of the full potential range (see the pre-peak at 

E ≈ 0.7 V vs. RHE on the blue and green CV in comparison to the red one). Besides, according to 

the evolution of the shape of the main peak located at ca. 0.8 V vs. RHE, one can conclude that 

the AST performed in the low-potential range leads to the loss of the smaller NPs (highlighted 

by a decrease of the “peak trail” observed in the potential range from 0.85 to 1 V vs. RHE), while 

the AST conducted in the high-potential range leads to the loss of the “mean-size” NPs (i.e. the 

ones that constitute most of the initial population of NPs). 
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Figure IV.3. COads-stripping voltammograms obtained on 10 wt.% Pt/C in 0.1 M H2SO4 at 

ν = 20 mV s-1 pre and post-AST performed in several potential domains using the 

cycling-protocol at T = 25°C. 

N.B.: for easier comparison purposes, the four CVs are plotted in the same figure; however, the 

COads-stripping performed before each type of experiments can little differ from the one plotted 

in this figure (see Figure A.6 in Annex 4); as a result, the loss of ECSA might seem incoherent 

with what it is visually observed in this figure.  

 

The evolution of the Pt/C morphology was further analyzed thanks to the IL-TEM micrographs 

obtained pre and post-AST in the three potential ranges (see Figure IV.4). As expected, the 

representative images obtained for the full-potential range-AST (Figure IV.4.A.B) reveal a similar 

trend as for the study of Zadick et al. [176]: the degradation occurs mostly by detachment of the 

Pt NPs from the carbon support (highlighted by the white crosses, used as non-comprehensive 

markers of the NP detachment). One could postulate that dissolution and/or redeposition are 

also possible in these conditions, but the evolution of the particle size distribution (PSD) after 

the AST (Figure IV.4.C) is not in agreement with such mechanism. Indeed, would the 

dissolution/redeposition mechanism prevail on the Pt NPs detachment, an increase in the Pt NPs 

size would be observed, which is not the case here. 

When the AST is conducted in a reduced potential range, the corresponding representative 

IL-TEM micrographs of Pt/C pre and post-AST confirm the more moderate extent of degradation 
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in these conditions than in the full range. In the low-potential range, the degradation markers 

illustrate the main degradation mechanisms at stake during the potential cycling procedure: 

Ostwald ripening (dissolution/redeposition mechanism: small NPs have the inherent tendency 

to dissolve at the expense of larger ones into bigger NPs in order to reduce the high surface 

energy, confirming the loss of smaller NPs observed in the COads-stripping in Figure IV.3) and 

detachment of Pt NPs from the carbon support do proceed (Figure IV.4.D.E.F), but in a much 

weaker manner than for the full-potential range. In the high-potential range, the loss of Pt NPs 

is nearly absent (Figure IV.4.G.H). The shape of some neighboring Pt NPs is nevertheless 

changing, but unlike for the case of the low-potential range, this is not following an 

agglomeration−coalescence mechanism (local Ostwald ripening). It rather consists of the 

separation of initially agglomerated Pt NPs (or the opposite), which signs the surface mobility of 

the Pt NPs on a carbon substrate which must be heavily functionalized (large presence of 

oxygen-containing surface group on carbon) in this high potential range. 

These differences between the low and high-potential ranges of cycling can be understood in 

terms of difference of “oxidizing” conditions. In the low-potential range (where the Pt NPs are 

never completely oxidized), neighboring Pt NPs are more prone to coalescence, in a process that 

can be compared to that occurring in the gas phase under H2: several studies [260–262] report 

the growth of Pt/C NPs in these conditions (recrystallization), together with a “reforming” of the 

carbon (formation of hydrocarbon species), which enables to explain why some NPs detach 

here. On the contrary, in the high-potential domain (where the Pt NPs are never completely 

reduced), recrystallization of Pt is not likely, but instead, Pt and Pt-oxides can assist carbon 

corrosion, in a process that resembles the thermal oxidation process of Pt/C in a neutral or 

oxidizing atmosphere [262]: in this scenario, Pt NPs would migrate at the functionalized carbon 

surface until they “self-stabilize” by forming agglomerate structures. 
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Figure IV.4. Representative IL-TEM micrographs (A, D, G) pre-AST and (B, E, H) post-AST on 

10 wt.% Pt/C electrocatalyst in the full potential range (0.1 < E < 1.23 V vs. RHE, red), low 

potential range (0.1 < E < 0.6 V vs. RHE, blue) and high potential range (0.6 < E < 1.23 V vs. RHE, 

green) and (C, F, I) corresponding particle size distribution. The markers are not 

comprehensive but illustrate the main degradation mechanism at stake during the cycling 

procedure. 
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These results reveal that the positive and negative vertex potential values highly influence the 

extent of Pt/C degradation and the nature of the degradation mechanism. More precisely, they 

suggest that the detachment of the Pt NPs occurs mainly when the Pt NPs can assist the local 

corrosion of the carbon support, i.e. when oxygen-containing surface group of the carbon 

support form at low potential and can be electrooxidized at higher potential by the Pt NPs. To 

pursue the investigation, the influence of the alkali-metal cation of the electrolyte on the extent 

of degradation was investigated. 

IV.2.2 Influence of the alkali-metal cation of the electrolyte  

Because in the proposed scenario of loss of Pt NPs, the formation of solid carbonates is involved, 

it was decided to evaluate the influence of the alkali-cation of the electrolyte on the extent of 

degradation of the 10 wt.% Pt/C electrocatalyst; indeed, varying this cation enables to modulate 

the solubility (hence the stability or ease of formation) of solid carbonates. To that goal, the 

electrocatalyst was subjected to an AST using the cycling-protocol in the potential range 

0.1 < E < 1.23 V vs. RHE in several electrolytes: LiOH, NaOH, KOH and CsOH at 0.1 M. Figure IV.5 

shows the COads-stripping CVs obtained pre and post-AST in the different electrolytes. The ECSA 

loss calculated for each AST and the values of the solubility of the metal carbonates are reported 

in Table IV.2. 

The carbonates can be ranked from the least to the most soluble in the order: LiOH < NaOH < 

KOH < CsOH. One can notice that, as expected, the ECSA loss is larger when the carbonates are 

more stable (i.e. when the solubility is low). In addition, the COads-stripping CVs (Figure IV.5) 

clearly indicate that the rate of agglomeration is larger when the solid carbonates are highly 

stable. Both results tend to suggest that the detachment (and agglomeration) of the Pt NPs is 

indeed due to the formation of solid carbonates at the vicinity of the interface between the Pt 

and the carbon support. 

For information, the same AST was also performed at the interface with an anion-exchange 

membrane in a so-called dry cell (these experiments were conducted by Marian Chatenet) to 

test whether the absence of water, and consequently the absence of solid carbonates, do affect 

the degradation mechanism [263]. The results showed that because there is no excess of water 

to dissolve the Ptz+ species formed by corrosion of the Pt NPs, Ostwald ripening and local 

redeposition on existing NPs become more likely. The absence of free alkali metal cation avoids 

the precipitation of solid carbonates, and therefore, the detachment of the Pt NPs from their 

support is not favored. As a result, these observations reinforced our assumption of carbonates 

formation during the degradation of Pt/C in liquid alkaline media. 
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In order to track such carbonates species, FTIR spectroscopy appeared to be a tool of choice: 

this is studied in the next section. 

 

 

Figure IV.5. COads-stripping voltammograms obtained on 10 wt.% Pt/C in 0.1 M H2SO4 at 
ν = 20 mV s-1 pre and post-AST performed in 0.1 M MOH (M = Li, Na, K, Cs) using the cycling-

protocol at T = 25°C. 

 

 

Table IV.2. Metal carbonates solubility values and corresponding ECSA loss after 150 CV in 
0.1 M MOH (M = Li, Na, K and Cs) in the potential range 0.1 < E < 1.23 V vs. RHE at ν = 100 mV s-1 
and T = 25°C. 

Electrolyte M2CO3 solubility in water @ 25°C ECSA loss 

(%) (g L-1) (mol L-1) 

LiOH 12.7 [264]– 12.9 [265] ≈ 0.53 67 

NaOH 285 [265] – 294 [264] ≈ 7.2 60 

KOH 1,123 [265] ≈ 20 52 

CsOH 2,605 (20°C) [266] ≈ 17 (20°C) 37 
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IV.2.3 Exploratory measurements using in situ FTIR spectroscopy  

In situ FTIR spectroscopy measurements were performed in order to detect the formation of 

carbonates species that are supposed to form during the AST. In situ FTIR measurements were 

first acquired using the cycling-protocol on the 10 wt.% Pt/C: Figure IV.6 shows FTIR spectra 

obtained for several cycles of AST. Four negative-going bands, located at 1310, 1400, 1610, 1730 

and 2070 cm-1, are observed. In agreement with past studies [267–274], the bands located at 

1400 and 1310 cm-1 were assigned to carbonate ions (CO3
2-) and bicarbonate ions (HCO3

-), 

respectively. The bands located at 1610 cm-1 and 1730 cm-1 were assigned to oxygen-containing 

surface groups on carbon, namely quinone or carboxylate and carbonyl/carboxylic acid group, 

respectively [167,274–279]. As the standard potential of carbon oxidation reaction in strong 

bases (pH = 14) is E0 = 0.06 V vs. RHE according to the Pourbaix diagram [280], the production of 

CO, CO2, surface oxides or organic-carbon products are expected in the potential range 

investigated in this study (0.1 < E < 1.23 V vs. RHE). These results strongly support our 

assumption that the degradation mechanism of Pt/C NPs involves the production of carbonate 

ions and oxygen-containing surface groups of the carbon support. 

 

 

Figure IV.6. FTIR spectra obtained under cycling oxidation conditions from E = 0.1 to 

1.23 V vs. RHE in 0.1 M NaOH on 10 wt.% Pt/C. The relative reflectivity is calculated using the 

spectra obtained at E = OCP as the reference reflectivity.  
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To confirm that the degradation of Pt/C electrocatalysts in alkaline media comes from a Pt-

assisted local corrosion of the carbon support, similar FTIR experiments were performed on bare 

Vulcan XC72; the results are presented in Figure IV.7. Two negative-going bands are detected at 

1590 and 1740 cm-1 and assigned to oxygen-containing surface groups of the carbon. However, 

no band relative to carbonate species was detected, putting into evidence that no or limited 

quantities of (bi)carbonates are produced in the absence of Pt: this result supports our 

hypothesis that (bi)carbonates are formed following the electrooxidation of CO-containing 

groups on Pt sites or on the carbon surface at the vicinity of the Pt sites (this will be further 

discussed later). 

 

Figure IV.7. FTIR spectra obtained under cycling oxidation conditions from E = 0.1 to 

1.23 V vs. RHE in 0.1 M NaOH on 10 wt.% Pt/C. The relative reflectivity is calculated using the 

spectra obtained at E = OCP as the reference reflectivity. 

 

The different experiments performed as a “preliminary study” of the degradation mechanism 

highlight several phenomena. Firstly, the positive and negative vertex potential values of the 

AST yield different degradation processes and rates, suggesting that the degradation mechanism 

is a CO-stripping-like process. Secondly, the extent of degradation, when evaluated by the ECSA 

loss, is higher when the carbonates (which are supposed to form at the vicinity of the Pt|C 

interface) are poorly soluble. Thirdly, in situ FTIR spectroscopy measurements enable to detect 

the production of carbonates during the AST.  
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However, the cycling-protocol used for these FTIR measurements appeared to be ill-adapted to 

get clear fundamental insights into the degradation mechanism; it is in particular not adapted 

to detect at which potential the carbonates and the oxygen-containing surface groups form. 

Thus, complementary FTIR measurements were performed using a stepwise-protocol. In 

addition, both the influence of Pt weight fraction and the nature of the metal NPs (Pd and PtRu 

in addition to Pt) were investigated, in the hope to (i) assert the degradation mechanism of Pt/C 

in base, but also to (ii) possibly generalize this proposed mechanism to the most studied carbon-

supported PGM electrocatalysts in alkaline fuel cells and water electrolyzers.  

 

IV.3 Insights into the degradation mechanism 

IV.3.1 In situ FTIR spectroscopy on Pt/C 

The FTIR spectra obtained under stepwise oxidation conditions on 10, 40 and 80 wt.% Pt/C in 

0.1 M NaOH are shown in Figure IV.8. Four negative-going bands, located at 1380, 1610, 1710 

and 1960 cm-1, and one positive-going band at 1670 cm-1, are noticed on 10 wt.% Pt/C. Similarly, 

the FTIR spectra measured on the 40 and 80 wt.% Pt/C are composed of five negative-going 

bands at 1310, 1390, 1580, 1730-1760 and 2010 cm-1 and one positive-going band at 1670 cm-1
. 

The band wavenumbers observed in these FTIR spectra and their corresponding assignment are 

summed up in Table IV.3. 

As mentioned in the previous section, the bands located at 1380-1390 cm-1 and 1310 cm-1 were 

assigned to carbonate ions (CO3
2-) and bicarbonate ions (HCO3

-), respectively. For all the 

electrocatalysts, the intensity of the carbonate features increased along with an increase of the 

electrode potential: this supports, again, our assumption that the degradation of Pt/C NPs 

involves the production of carbonate ions. The impact of the Pt weight fraction is also 

noticeable: the carbonate band (1380-1390 cm-1) appears at E = 0.8 V vs. RHE for 10 wt.% Pt/C 

and at E = 0.5 V vs. RHE for 40 and 80 wt.% Pt/C. The area of this band was integrated at each 

electrode potential, as shown in Figure IV.9.A, and the results are displayed in Figure IV.9.B.They 

reveal that higher Pt ECSA enables formation of carbonate species at lower potential (therefore 

quantitatively more carbonate formation at a given potential).  
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Figure IV.8. FTIR spectra obtained under stepwise oxidation conditions from E = 0.1 to 

1.2 V vs. RHE in 0.1 M NaOH on (A) 10 wt.% Pt/C, (B) 40 wt.% Pt/C and (C) 80 wt.% Pt/C. The 

relative reflectivity is calculated using the spectra obtained at E = 0.1 V vs. RHE as the 

reference reflectivity. 
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Table IV.3. Band wavenumbers observed in FTIR spectra and their corresponding assignment. 

Wavenumber 

(cm-1) 

Bond Mode Assignment Reference 

1310 
O=C-O 

symmetric 

stretching 
HCO3

- [267–270] 

1380-1390 O=C-O 
double degenerate 

stretching 
CO3

2- [267–274] 

1580 - 1610 C=O stretching 
quinone and/or 

carboxylate 

[167,275–

279] 

1670 H-O-H bending H2O [274] 

1710-1730-1760 C=O stretching 

carbonyl and 

carboxylic acid 

group 

[167,274,276–

279] 

1960-2010   
hydroxide/oxide 

adsorption on gold 
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Figure IV.9. (A) Example of baseline integration; (B) Area developed by the 1390 cm-1 band at 

different electrode potential on 10, 40 and 80 wt.% Pt/C. 

The bands located at 1580-1610 cm-1 and 1710-1730-1760 cm-1 were assigned to oxygen-

containing surface groups on carbon, namely quinone or carboxylate and carbonyl/carboxylic 

acid group, respectively [167,274–279]. More practically, the band at 1710-1730-1760 cm-1 

(carbonyl/carboxylic acid groups) appears at E = 0.5, 0.3 and 0.3 V vs. RHE for Pt/C 10, 40 and 

80 wt.%, respectively, while the band at 1580-1610 cm-1 (quinone and/or carboxylate) appears 

at E = 0.3, 0.3 and 0.4 V vs. RHE for Pt/C 10, 40 and 80 wt.%, respectively. This means that, for 

all Pt/C electrocatalysts, oxygen-containing surface groups form on carbon at low potential 

(0.2 < E < 0.6 V vs. RHE, see Equation IV.1). Then, two scenarios can be considered: 



Chapter IV: Degradation mechanism of carbon-supported PGM electrocatalysts in alkaline media 

 
151 

 In scenario 1, the oxygen-containing surface groups that form on the carbon near the Pt NPs 

are oxidized at high potential (E > 0.6 V vs. RHE) by combination with Pt-OHads (Equation IV.3 

and Equation IV.5) to form CO2, that converts into solid alkali-metal carbonates M2CO3
 

(M= Na in NaOH, K in KOH, etc.) (Equation IV.6); 

 

 In scenario 2, these groups backspillover on the Pt NPs (when they are reduced, hence 

“available” to accommodate their adsorption) to create COads-containing adsorbates (COads 

and COHads, see Equation IV.2); when the potential exceeds 0.6 V vs. RHE, the 

COads-containing adsorbates react with OHads species (formed by adsorption of OH- ions on 

Pt, Equation IV.3) to form CO2 (Equation IV.4), that converts into solid carbonates in alkali 

cations-containing bases (Equation IV.6). 

These two scenarios are both equally likely in the author’s opinion and both allow rationalizing 

the destruction of the anchoring site between the NP and the carbon support. 

 

In the two suggested degradation mechanisms, water and carbonate species are supposed to 

be produced simultaneously. Thus, a negative-going band is expected for water bending at 

1645 cm-1 [274]. This band is located at 1670 cm-1 in our study and points positive for the three 

electrocatalysts, which suggest consumption (or loss) of water. One possible explanation for the 

apparent contradiction (consumption/loss of water instead of production/accumulation of 

water) would imply a change of carbon surface properties from hydrophilic to hydrophobic. 

Indeed, it is well-known that oxygen-containing surface groups are present on the native carbon 

surface (Equation IV.1): the surface of the carbon support is thus necessarily hydrophilic in the 

fresh state. It is therefore expected that the consumption of these oxygenated functions 

(Equation IV.2 and Equation IV.5) leads to a change in its wetting properties. Because the thin 

layer formed between the electrode surface and the prism has a fixed volume and is 

diffusionally-isolated, the repulsion of water from the carbon support (Cn) occurring upon 

 Cn − C + 2OH−  → Cn − COads + H2O + 2e− Equation IV.1 

 Pt +  Cn − COads  →  Pt − COads + Cn Equation IV.2 

 Pt +  OH− →  Pt − OHads +  e− Equation IV.3 

 Pt − COads +  Pt − OHads  + OH− → CO2 +  H2O + 2 Pt + 𝑒− Equation IV.4 

 Cn − COads + Pt − OHads  + OH− → CO2 +  H2O + Pt + Cn + 𝑒− Equation IV.5 

 CO2 + 2 OH− + 2 M+ → M2CO3  Equation IV.6 



Chapter IV: Degradation mechanism of carbon-supported PGM electrocatalysts in alkaline media 

 

 
152 

electrode potential increase would result in a positive-going water bending band at 1645 cm-1 in 

the FTIR spectra. The higher this intensity, the more hydrophobic the carbon surface, as a result 

of the more pronounced corrosion of the oxygen-containing surface groups into CO2 and 

production of metal carbonates. The corrosion of oxygen-containing surface groups also takes 

place in acidic media, as described in ref. [281,282]. 

According to the proposed mechanisms, two other species should have been detected: CO2 (in 

both scenarios) and CO (only in scenario 2). The main infrared spectroscopy features of these 

species are bands with strong intensities located at 2345 cm-1 and ca. 2045 cm-1 respectively 

[168,267,271,283], but none of them was detected in our study. This apparent discrepancy can 

be explained, though. Firstly, CO2 is an intermediate species in the proposed corrosion 

mechanism, but this product should be rapidly converted to CO3
2- in alkaline media. FTIR 

spectroscopy being a quasi-stationary measurement, the detection of transient species is very 

tricky and can explain the absence of CO2 related bands in our experiments. Secondly, regarding 

the formation of CO in scenario 2, it is postulated that too little CO is produced (well below a 

complete monolayer on the Pt NPs), because CO-containing groups mostly originate from a 

limited reservoir (the Pt  C interface) and are oxidized at potential above 0.4 V vs. RHE 

(Figure IV.8 and Figure IV.9.B). Hence in the conditions of our study, COads species will hardly 

accumulate on the Pt surface, and in any case, the COads-like coverage should be well below a 

monolayer (as it initially exists in COads-stripping experiments).  

Finally, according to FTIR measurements performed on polycrystalline gold (the electrode used 

for FTIR measurements) in the same conditions (see Figure A.7 in Annex 4), the very broad 

negative-going band located around 2000 cm-1 on all the spectra might be assigned to a change 

of gold reflectivity during the experiment (e.g. because gold progressively gets covered by OHads 

and/or surface oxides [284]). This broad band is noticeable on all the spectra presented in this 

study and the assignment is identical for all of them. 

IV.3.2 Does the degradation of Pt/C come from a Pt-assisted local corrosion? 

To confirm that the degradation of Pt/C electrocatalysts in alkaline media comes from a 

Pt-assisted local corrosion of the carbon support, similar FTIR experiments were performed on 

bare Vulcan XC72, and the results are presented in Figure IV.10. 
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Figure IV.10. FTIR spectra obtained under stepwise oxidation conditions from E = 0.1 to 

1.2 V vs. RHE in 0.1 M NaOH on Vulcan XC72. The relative reflectivity is calculated using the 

spectra obtained at E = 0.1 V vs. RHE as the reference reflectivity. 

 

During the stepwise oxidation, a very weak shoulder located at 1250 cm-1 develops on the FTIR 

spectra, which is assigned to C-O stretching [167]; a broad negative-going band located at 

1640 cm-1 was assigned to H-O-H bending, signing water production. However, no band relative 

to carbonate species was detected, in agreement with the results obtained using the cycling-

protocol (see Figure IV.7). This confirms that no or limited quantities of (bi)carbonates are 

produced in the absence of Pt, and further supports our hypothesis that (bi)carbonates are 

formed following CO2 production on Pt sites. Nevertheless, no band (other than the one located 

at 1250 cm-1) related to oxygen-containing surface groups was detected in the absence of Pt NPs 

(even if a small shoulder can be identified around 1710 cm-1), whereas they were observable on 

the spectra obtained using the cycling-protocol (Figure IV.7). It is possible that the bands linked 

to the oxygen-containing surface groups could be drowned in the broadband located at 

1640 cm-1, that may be dominated by the change of reflectivity of the Au substrate (see 

Figure A.7). 

The evolution of the oxygen content during the AST was further investigated using XPS 

measurements performed pre and post 150 CV cycles for bare Vulcan XC72 and 40 wt.% Pt/C 

(Figure IV.11). The evolution of the oxygen content during AST was estimated using the O1s/C1s 

ratio (without the contribution of Nafion®-related envelopes and corrected from the atomic 

sensitivity factors). The O1s/C1s ratio increases from 0.10 to 0.18 upon the AST for Vulcan XC72, 
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but remains stable for 40 wt.% Pt/C (O1s/C1s = 0.19 and 0.18 pre and post AST, respectively). 

These results suggest that oxygen-containing surface groups do form and accumulate (their 

signature increases) on the carbon surface when Vulcan XC72 carbon is free of Pt NPs, whereas 

their proportion remains stable when Pt NPs are present, because the Pt NPs help to oxidize 

them into CO2 and then carbonates upon their formation. 

 

 

Figure IV.11. XPS spectra obtained on (A, B) 40 wt.% Pt/C and (C, D) Vulcan XC72 pre and 
post-AST: (A, C) C1s and (B, D) O1s. 

 

Another possible mechanism when the carbon support is free of Pt NPs could eventually 

resemble to the one described by Yi and coworkers [285], who recently studied the 

electrochemical corrosion of glassy carbon (GC) in alkaline media. FTIR spectroscopy 

measurement on GC oxidized in alkaline media (U = 1.8 V vs. RHE during 24 hours in 0.1 M KOH) 

revealed no change compared to the pristine GC. Similarly, the Raman and XPS spectra and the 

cyclic voltammograms measured on the pristine and aged GC were nearly identical. To 
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rationalize their findings, the authors postulated that the oxidation of GC in alkaline media 

occurs via a reaction of OH° radicals (produced by discharge of OH- ions) with alkyl side chains, 

leading to transient oxidation of the edges of carbon layers until they become hydrophilic and 

dissolve, thus exposing a “fresh” GC surface.  

IV.3.3 COads-electrooxidation on polycrystalline Pt 

To support our hypotheses, the electrooxidation of a COads monolayer in alkaline media was 

investigated on polycrystalline Pt. The results are displayed in Figure IV.12, and data are plotted 

using either the spectrum measured at E = 0.1 V vs. RHE (Figure IV.12.A) or that measured at 

E = 1.1 V vs. RHE (Figure IV.12.B) as a reference spectrum. 

Figure IV.12.A shows two negative-going bands located at 1390 and 1630 cm-1, corresponding 

to carbonates and water production, respectively. Figure IV.12.B shows that COads consumption 

is concomitant with CO3
2- production: the COads feature, located at 2014 cm-1 for E = 0.1 V vs. RHE 

starts to disappear for 0.3 V vs. RHE and above, in parallel to the appearance of a positive band 

of water, sign of its generation in the process (as expected). 

It is interesting to notice that carbonates are produced at lower potential on polycrystalline Pt 

relative to Pt/C electrocatalysts: the band at 1390 cm-1 is detected at E = 0.3 V vs. RHE on 

polycrystalline Pt, and at E = 0.8 or 0.5 V vs. RHE for Pt/C at low or high metal weight fraction, 

respectively. Moreover, the carbonates feature grows up to E = 0.5 V vs. RHE and starts to 

decrease above E = 0.6 V vs. RHE on polycrystalline Pt (likely because the CO source is limited), 

whereas the band keeps growing on the Pt/C electrocatalysts (likely because the CO source is 

huge). Since all conditions were kept identical, this result nicely confirms that an equilibrium 

between the rate of carbonate formation and dissolution takes place in the thin layer formed 

between the electrode surface and the CaF2 prism. In the COads-stripping experiment on 

polycrystalline Pt, the limited quantity of CO species facilitates the dissolution of carbonate 

species on the long term. In contrast, the corrosion of the carbon support promotes the renewal 

of a native carbon surface on Vulcan XC72, which is then oxidized into CO2 and ultimately 

carbonate species. The process is operating until the Pt nanoparticle detaches from the support.  
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Figure IV.12. FTIR spectra obtained for COads electrooxidation on polycrystalline Pt under 

stepwise oxidation conditions in 0.1 M NaOH. The electrode potential was stepped from 

E = 0.1 to 1.2 V vs. RHE; the relative reflectivity was calculated using the FTIR spectra obtained 

at (A) E = 0.1 V vs. RHE and (B) E = 1.1 V vs. RHE as the reference reflectivity. 

 

IV.4 Towards a generalization of the degradation mechanism 

To generalize our findings, FTIR spectra were recorded on 40 wt.% PtRu/C and 40 wt.% Pd/C in 

the same experimental conditions (Figure IV.13). The high metal weight fraction allowed to 

highlight whether these PGM catalyze the electrochemical corrosion of the carbon support. This 

is definitely the case for 40 wt.% PtRu/C. Indeed, four negative-going bands are observed on this 

catalyst (Figure IV.13.A), in particular the bands assigned to the presence of carbonate and 
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bicarbonate ions. Similarly, Pd NPs corrode the carbon support, although to a minor extent: the 

band assigned to carbonates is indeed noticeable (Figure IV.13.B), but its intensity is very weak. 

In addition, both FTIR spectra show the positive-going band assigned to water and located at 

1670 cm-1: the intensity of this band increases with the production of carbonates as observed 

previously with the three Pt/C electrocatalysts. 

The results were quantitatively confirmed by subjecting the three different materials to an AST 

using the cycling-protocol. Meanwhile, IL-TEM images were recorded on the fresh and aged 

electrocatalysts in the exact same location (Figure IV.14). Note however that, to facilitate the 

visualization of the degradation and rebuild the particle size distributions, 10 wt.% catalysts 

were used. Figure IV.14.B.C reveals that the majority of the PtRu NPs are detached from the 

carbon support after the AST (highlighted with the white crosses – these do not pretend to be 

comprehensive) and that the remaining ones are agglomerated. More precisely, the extent of 

the NPs detachment reached 86%. Furthermore, a metal-containing deposit could be observed 

on the membrane of the TEM grid upon ageing (see Figure IV.15 and Figure IV.16): X-EDS 

analyses revealed that this deposit is essentially composed of Ru. This finding is in line with the 

thermodynamic instability of Ru in alkaline environment [280] and illustrates the fact that Ru 

likely does not play any role in terms of carbon oxidation reaction catalysis (except in the initial 

cycles before its dissolution). The more robust catalyst was clearly Pd/C for which only 10% of 

the metal NPs were lost after the AST whereas 63% are lost in the case of Pt/C. The evolution of 

the particle size distribution is overall similar for the three electrocatalysts: the proportion of 

isolated larger NPs lowers, while the proportion of isolated smaller NPs increases, suggesting 

that small particles are more stable than the big ones in these conditions. In the case of PtRu/C, 

this result could also result from the preferential dissolution of Ru during the AST.  
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Figure IV.13. FTIR spectra obtained under stepwise oxidation conditions from E = 0.1 to 

1.2 V vs. RHE in 0.1 M NaOH on (A) 40 wt.% PtRu/C and (B) 40 wt.% Pd/C. The relative 

reflectivity is calculated using the spectra obtained at E = 0.1 V vs. RHE as the reference 

reflectivity. 
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Figure IV.14. (A, E, I) Particle size distribution for 10 wt.% PtRu/C (blue), 10 wt.% Pt/C (red) and 

10 wt.% Pd/C (green) electrocatalysts, NT is the total number of counted particles (ca. 200). 

IL-TEM micrographs (B, F, J) pre-AST and (C, G, K) post-AST on 10 wt.% PtRu/C (blue), 10 wt.% 

Pt/C (red) and 10 wt.% Pd/C (green). (D, H, L) COads stripping voltammograms obtained at 

v = 20 mV s-1 in 0.1 M NaOH on 10 wt.% PtRu/C (blue), 10 wt.% Pt/C (red) and 10 wt.% Pd/C 

(green). 
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Figure IV.15. IL-TEM micrographs of the 10 wt.% PtRu/C (A) pre and (B) post AST; (C) STEM 
images and (D, E, F) corresponding X-EDS maps obtained on aged PtRu/C after the AST. 

 

 

Figure IV.16. IL-TEM micrographs of the 10 wt.% PtRu/C (A) pre and (B) post AST; (C) STEM 

images and (D, E, F) corresponding X-EDS maps of the deposit on the TEM grid after the AST. 
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Comparing IL-TEM images and COads-stripping voltammograms reveals particularly insightful: 

indeed the more corroded catalysts are those for which the metal has the larger propensity to 

electrooxidize CO in 0.1 M NaOH (Figure IV.14.D.H.L). To quantitatively illustrate our 

hypotheses, the average COads oxidation potential (CO), first introduced by Chattot et al. [286], 

was extracted using the first moment of the potential weight:  

µCO (V 𝑣𝑠. RHE) =  ∫
𝐸 × 𝐼

𝑄T,CO
𝑑𝐸 

where 𝑄T,CO is the total electric charge of the COads stripping voltammogram. The CO values are 

0.75, 0.79 and 0.92 V vs. RHE for PtRu/C, Pt/C and Pd/C, respectively. This calculation indicates 

that the more active COads oxidation electrocatalysts in alkaline media are respectively: PtRu/C 

> Pt/C >> Pd/C. Strikingly, the same ranking is obtained in terms of “extent of particles 

detachment”. Combining this result with the degradation monitored for the three 

electrocatalysts, we thus argue that the ability of those electrocatalysts to form CO2 from COads 

determines its degradation by detachment of the metal NPs upon potential cycling in alkaline 

electrolyte. 

Finally, the areas of the band corresponding to carbonate groups were integrated for PtRu/C 

and Pd/C (Figure IV.17.A). The result show that, similarly to what was observed for 10 wt.% Pt/C 

in similar conditions, carbonate species are quantitatively produced at potential values above 

E = 0.8 V vs. RHE on PtRu/C. This is no surprise in view of the results of X-EDS elemental maps 

that showed that Ru atoms were dissolved during the AST, and hence did not contribute to the 

carbon support corrosion. In other words, the 40 wt.% PtRu/C catalyst finally behaves as a 

20 wt.% Pt/C in terms of carbon support corrosion, which is confirmed by its intermediate 

situation in terms of carbonate production (Figure IV.17.A). On Pd/C, carbonate species are 

detected at E = 1.1 V vs. RHE.  

The electrical charge corresponding to each potential step was also calculated. The results, 

shown in Figure IV.17.B, reveal that the charge obtained on PtRu/C is indeed higher to the one 

obtained on Pt/C and Pd/C because of the concomitance of Ru dissolution and carbonates 

production. Whatever this slight difference, it is possible to conclude that the degradation 

mechanism suggested for Pt/C is also essentially valid for PtRu/C and Pd/C, which initiates a 

possible generalization of the degradation mechanism of carbon-supported PGM in alkaline 

electrolytes. 
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Figure IV.17. (A) Area developed by the 1390 cm-1 band at different electrode potential on 

40 wt.% PtRu/C, 40 wt.% Pt/C and 40 wt.% Pd/C and (B) corresponding electrical charge 

associated to each oxidation potential step. 
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IV.5 Conclusions  

In this chapter, we gained fundamental insights into the origin of the detachment of Pt NPs from 

the carbon support occurring during an AST in alkaline media using in situ FTIR spectroscopy, 

ex situ XPS and IL-TEM. 

The presence of carbonate features on the FTIR spectra implies that the degradation mechanism 

of Pt/C electrocatalyst involves the production of carbonates. Thanks to the stepwise oxidation 

electrochemical protocol, it was shown that carbonates are produced above E = 0.5 V vs. RHE 

for high metal weight fraction and above E = 0.8 V vs. RHE for low metal weight fraction. In 

addition, no carbonate features were detected on the FTIR spectra for the bare Vulcan XC72 

(without Pt NPs), demonstrating that the carbonate formation is promoted by the presence of 

the Pt NPs at the carbon surface. As a result, one can now affirm that Pt NPs assist the corrosion 

of the carbon support into CO2, eventually leading to the local production of solid carbonates at 

the vicinity of the NPs and the carbon support (at least in electrolytes compatible with metal 

carbonates formation, i.e. LiOH, NaOH, KOH, etc.). These carbonates in turn destroy the 

anchoring sites between the NPs and their support, therefore leading to NPs detachment and/or 

agglomeration. 

Combining FTIR spectroscopy and COads-stripping measurements, a straightforward relationship 

emerged between the ability of a material to electrooxidize COads into CO2 (to form carbonates 

at low potential) and the extent of NPs detachment. As an example, a more pronounced extent 

of NPs detachment is reported for PtRu/C (with respect to Pt/C and Pd/C), which is able to 

oxidize CO at lower potential than Pt/C and Pd/C. We thus conclude that the degradation 

mechanism is, to some extent, similar for PtRu/C, Pt/C and Pd/C, and the extent of degradation 

simply depends on the ability of the metal NPs to electrooxidize CO-containing surface groups 

present on the carbon support. 
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Facing the energetic and climatic crisis that manifest more and more every day all over the 

world, the scientific community is working hard to develop new energy production systems that 

emit a minimum of greenhouse gases. In this field, fuel cells appear as interesting and feasible 

solutions that could address, in part, the overall energetic crisis and the subsequent climatic 

crisis. This PhD work was focused on a particular liquid alkaline fuel cell, the direct borohydride 

fuel cell (DBFC), which offers very interesting thermodynamic and energetic characteristics, in 

addition to more facile fuel storage and transport than hydrogen. However, the promising 

features of the DBFC are mitigated by the very complex borohydride oxidation reaction (BOR), 

which remains misunderstood on most electrocatalysts and in DBFC operating conditions. In 

addition, and contrary to the common belief, the alkaline environment was recently reported to 

be very aggressive towards conventional carbon-supported Pt electrocatalysts, but the 

degradation mechanism was still unknown. In this context this PhD work was motivated by three 

main questions: (i) How do high fuel concentration and high temperature impact the BOR on 

carbon-supported Pd-based electrocatalysts? (ii) Is there any merit to create a graded 

electrocatalyst anode to increase the BOR efficiency and boost the subsequent DBFC 

performances? (iii) What is the origin of the particles detachment that occurs during a mild 

accelerated stress test on carbon-supported Pt electrocatalysts in liquid alkaline media? 

Firstly, the BOR was investigated on six carbon-supported Pd-based electrocatalysts in rotating-

disk electrode configuration, for three NaBH4 concentration (5, 50 and 500 mM) at high 

temperature (60°C). The influence of several parameters on the BOR kinetics were studied, such 

as the Pd sites density, the presence of ceria and the catalytic layer thickness. In addition, activity 

markers were proposed to evaluate the BOR activity, namely the onset potential and the specific 

and mass-activities obtained at low potential, i.e. at E = 0, 0.2 and 0.5 V vs. RHE. According to 

the complex BOR mechanism, the conclusions which result from CHAPTER II are very specific to 

the conditions of the study (nature and structure of the electrocatalysts, electrolyte composition 

and temperature); however, some points were highlighted. 

i. Increasing the NaBH4 concentration up to 50 and 500 mM leads to higher surface 

poisoning and points towards limiting charge transfer kinetics; however, for the highest 

NaBH4 concentration, the low OH- concentration might account for the very slow BOR 

kinetics; 

ii. Increasing the Pd sites density enables to enhance the BOR kinetics when the NaBH4 

concentration is 5 and 50 mM, but the influence of the Pd sites density does not show 

particular trend for 500 mM NaBH4; besides, the onset potential systematically shifts 

towards negative values when the NaBH4 concentration and the amount of Pd increase; 
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iii. Contrary to our expectations, the presence of ceria on Pd/C electrocatalyst, which was 

suspected to boost the BOR kinetics by supplying the Pd surfaces with OHads, leads to 

lower BOR activity than the Pd/C electrocatalysts for 5 and 50 mM NaBH4; 

 

iv. At low potential values and low NaBH4 concentrations (5 and 50 mM), the Pd-based 

electrocatalysts exhibit slower BOR kinetics than Pt/C, likely due to a better HOR activity 

on Pt/C in comparison to Pd/C; however, for the highest NaBH4 concentration, the BOR 

kinetics is faster on Pd-based electrocatalysts in comparison to Pt/C, likely owing to 

more severe poisoning issues at Pt than at Pd in these conditions; 

 

v. Finally, the preliminary study of three different catalytic layer thickness showed that 

thick electrodes enable to enhance the residence time of electroactive species within 

the electrode and lead to higher BOR activities, especially for high NaBH4 

concentrations. 

Overall, the ratio [catalytic sites]/[BH4
-] as well as the ratio [BH4

-]/[OH-] seem to be two crucial 

properties which are decisive in the apparent BOR kinetics and activity. 

 

Secondly, the impact of the catalytic layer design on the BOR activity was further studied using 

five different design of catalytic layers made of Pt/C and Pd/C electrocatalysts. Precisely, the 

electrocatalysts were used as single (Pt/C or Pd/C), mixed (Pt/C + Pd/C) or graded (Pt/C to Pd/C 

or Pd/C to Pt/C) electrodes in RDE configuration and in H2O2-DBFC configuration, for 10 and 

100 mM NaBH4 and low temperature (25°C). The conclusions that result from this study depend 

on the electrolyte (anolyte and catholyte) concentration: 

i. For low electrolyte concentration, mixing and grading electrocatalysts enable to 

enhance the BOR kinetics and activity in comparison to single Pt/C and single Pd/C 

electrodes; however, the onset potential and open-circuit voltage (OCV) obtained with 

the mixed and graded electrodes remain similar to the values obtained with single Pt/C, 

and the H2 escape is also similar to the single Pt/C electrode; in addition, the results 

suggest that the mixed and graded electrodes may lead to a similar BOR mechanism 

than Pt/C electrocatalyst. All this suggest that the behavior of Pt/C dominates in these 

conditions;  
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ii. For high electrolyte concentration, the graded electrode lead to similar performances 

(maximum power density and OCV) than single Pt/C electrode, but the H2 escape is 

lower, especially at high cell voltage, with the graded electrodes. The main advantage 

when using graded-electrocatalysts electrodes is to reduce the H2 escape; 

 

iii. In both cases, the performances obtained are not an average of the performances 

obtained with the single Pt/C and single Pd/C electrodes, showing a good synergy of the 

two electrocatalyst in these configurations. 

Finally, the author believe that the cathode was likely limiting in the conditions of the study, and 

this might explain that the results obtained seem sometimes incoherent, or at least not 

crystal-clear. Besides, the authors admit that the results obtained are very complex and that the 

modifications of the BOR mechanism that occur when using the mixed or graded architecture 

are unclear. 

 

Thirdly, the degradation mechanism of carbon-supported Pt electrocatalyst, occuring during an 

accelerated stress test (AST) in liquid alkaline electrolyte (0.1 M NaOH) was investigated using 

in situ Fourier transform infrared spectroscopy and identical-location transmission electron 

microscopy. The AST consisted in 150 CV in the potential range 0.1 < E < 1.23 V vs. RHE at 

ν = 100 mV s-1 at T = 25°C. The AST was also performed with Pd/C and PtRu/C electrocatalysts to 

generalize our findings. The results showed that: 

i. The degradation mechanism of Pt/C in liquid alkaline electrolyte involves the production 

of carbonates at the vicinity of the Pt|C interface, at rather low or high electrode 

potential depending on the amount of Pt sites; 

 

ii. The carbonates formation is promoted by the Pt (metal) nanoparticles; 

 

iii. The formation of carbonates results from the formation of CO-containing surface groups 

that form on the carbon support, which are electrooxidized by the metal NPs; the ability 

of the latter to electrooxidize those groups is decisive in the extent of the degradation. 
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The experiments conducted during this PhD enabled to increase the knowledge about the 

complex BOR and the degradation mechanism of carbon-supported PGM electrocatalysts in 

liquid alkaline media. Obviously, three years of work were not enough to perform all the 

experiments that could have enabled to find answers to many questions that arise from the 

different studies conducted here. Hence, this work opens several outlook: 

i. The BOR mechanism occuring on Pd-based electrocatalysts in DBFC operation 

conditions should be investigated either by DEMS, FTIR or RRDE measurements in order 

to be able, as it has been done for Pt/C, to deeply understand the BOR mechanism on 

this material; in addition, the ratio [BH4
-]/[OH-] shoud be studied and adapted to the 

nature of the electrocatalyst; 

 

ii. The addition of ceria on Pd-based electrocatalysts should be tested with better-defined 

electrocatalyst before concluding that Pd/C-CeO2 is not a sustainable material for the 

BOR; 

 

iii. The idea of mixing and grading electrocatalysts to enhance the BOR efficiency is 

interesting and promising, but the results obtained are very complex and the 

understanding is tricky. Thus, it seems wise to first check whether the cathode was 

limiting or not in the overall DBFC performances; then, the cell design and parameters 

could be optimized. Finally, this architecture could be tested with other electocatalysts, 

including non-noble metals; 

 

iv. The unstability of carbon-supported PGM electrocatalysts in alkaline media cannot be 

ignored anymore and should be taken into account in the research of sustainable 

electrocatalysts for alkaline fuel cells. It would be interesting to detect the transcient 

CO2 production involved in this mechanism by DEMS, and to visualize the solid 

carbonates by advanced TEM-EELS (electron energy loss spectroscopy) techniques. 

Besides, other AST protocols should be proposed in order to study the durability of the 

electrodes in other conditions (in presence of the fuel and with another potential range), 

and potentially become benchmark protocol to be used by the scientic community: this 

was initited in this thesis (with only two electrocatalysts) but should be pursued.  
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Last, but not least, to conclude this work with a more general approach, the author is convinced 

that, in order to fully address the energetic crisis, even if science is offering technological 

solutions, these latter will for sure be necessary, but not enough to solve rapidly and efficiently 

the issues at stake. Thus, because not any energy production system can operate with zero 

impact on the planet, the author would like to invite each and everyone of us to question its 

own energy consumption, and try to not be influenced by those who makes us believe that we 

constantly need new and bigger possessions. Then, we could maybe try to operate some 

changes in our lives, in order to tend towards a better use and share of the planet resources: 

what are we likely to try?  
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Annex 1: Electrocatalysts synthesis 

1.A: Pd/C synthesis 

The Pd/C electrocatalysts were synthesized by Robert W. Atkinson III from the Naval Research 

Laboratory (Washington DC, USA) via a vapor deposition method reported previously [287,288]. 

The carbon support (Vulcan XC-72, Cabot) and powdered precursor (palladium (II) (2,4)-

pentanedionate, 99%, Sigma Aldrich) were combined and mixed in a borosilicate vial. Support 

and precursor masses were chosen to produce 250 mg total of the carbon-supported Pd 

electrocatalysts in a range of targeted metal weight fractions from 20 to 50 wt.% Pd. Then, the 

vials were transferred to a vacuum oven. After the oven was sealed, air was evacuated and 

replaced by dry nitrogen three times. The oven was heated to 170°C at 0.752 atm and allowed 

to dwell for 15 h. At this temperature and pressure, the precursor sublimed, reacted with the 

carbon support surface, and Pd nanoparticles were grown on the carbon support. The oven was 

cooled passively to room temperature before the electrocatalyst powders were removed. The 

sample masses were recorded to determine final metal weight fraction of Pd deposited on the 

carbon support and were found to be 22, 33, 44 and 53 wt.% Pd. Samples were heat-treated at 

240°C for 2 h in a flowing 10% H2 (balance Argon) mixture to remove interstitial carbon that was 

absorbed into the palladium lattice during synthesis from decomposition of the organic ligands 

in the Pd precursor [289,290]. Those electrocatalysts were used in CHAPTER II and CHAPTER III. 

A similar synthesis was used but with the final heat treatment with a lower temperature (170 

instead of 240°C) to reduce the rate of agglomeration: this lead to electrocatalyst with higher 

ECSA (ca. 20 vs. 60 m2 gPd
-1). This electrocatalyst was used in the study of CHAPTER III. 

1.B: Pd/C-CeO2 synthesis 

The Pd/C-CeO2 electrocatalysts (studied in CHAPTER II) were prepared by the group of Hamish 

A. Miller from the CNR-ICCOM (Florence, Italy) using the following protocol: 

(1) Carbon was suspended in water, stirred vigorously for 30 min and sonicated for 20 min. To 

this mixture, a solution of K2PdCl4 in water was slowly added (during ca. 1 hour) under vigorous 

stirring, followed by addition of an aqueous solution of 2.5 M KOH. Next, ethanol was added and 

the resulting mixture was heated at 80°C for 60 min. The desired product Pd/C was filtered off, 

washed several times with distilled water to neutrality and finally dried under vacuum at 65°C 

until constant weigh was reached. 
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(2) Pd/C was dispersed in ethanol by sonication for 30 min and a THF solution of Ce(ODe)4 was 

added dropwise in order to obtain a final CeO2 loading of 40 wt.%. After 30 min of sonication, 

20 mL of a 10% solution of H2O in EtOH was added dropwise to hydrolyze the alkoxide and form 

amorphous CeO2, followed by further 30 min of sonication. The solid product was collected by 

filtration through a 0.45 µm PTFE filter and washed thoroughly with ethanol.  

Annex 2: Analytical techniques 

2.A: Microscopy techniques 

The interaction between an electron beam and a material can produce several signals which 

enable to get insights into the morphology and structure of the material. In the particular case 

of transmission electron microscopy, it is required that the thickness of the sample is less than 

100 nm, which is the case with the carbon-supported metal nanoparticles studied in this thesis 

(if supported by a relevant TEM grid baring a carbon or Lacey carbon thin membrane). The 

electrons are generated by a LaB6 filament, accelerated by a potential field and focused by 

electrostatic and electromagnetic lenses before reaching the sample. TEM observations were 

performed by Marian Chatenet using a JEOL 2010 TEM apparatus equipped with an LaB6 

filament operating at 200 kV with a point to point resolution of 0.19 nm. 

A TEM can be modified into a scanning transmission electron microscope (STEM) and coupled 

with X-ray energy dispersive spectroscopy (X-EDS) to build elemental maps, giving insights into 

the sample chemical properties. STEM images and X-EDS elemental maps were acquired by 

Laetitia Dubau (from LEPMI) using a JEOL 2100F microscope operated at 200 kV equipped with 

a silicon drift detector (SDD) Centurio retractable detector.  

In both cases, the electrocatalyst was deposited (in its powder form or in within a suspension) 

on a carbon-coated Lacey copper or gold grid (Ted Pella, Inc.). 

2.B: X-ray diffraction (XRD) 

Based on the diffraction of X-rays on the lattice of a crystalline material, angles and intensities 

of the obtained signal can be analyzed in order to obtain information on the crystalline structure 

of a material. X-ray diffraction analyses were performed on a PANalytical X' Pert Pro MPD 

vertical diffractometer/goniometer equipped with a diffracted beam monochromator using Cu 

radiation (λ = 0.15418 nm) operating at 45 kV and 40 mA. The diffraction patterns were acquired 

by Thierry Encinas at the CMTC (Grenoble-INP). The diffraction patterns were obtained for a 2θ 
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angle between 15 and 139° with a step of 0.033° for 480 s. The spectra were analyzed using the 

Highscore Plus software package. 

2.C: X-ray photoelectron spectroscopy (XPS) 

XPS is a photoelectron spectroscopy method that involves the measurement of photoelectron 

spectra induced by X-ray photons. In a XPS experiment, a sample is bombarded by X-rays with a 

given wavelength, and produces photoelectrons which are then detected. Photoelectrons have 

energies specific to each element of the sample surface, which makes it possible to determine 

the composition of the sample surface. 

XPS patterns were acquired by Vincent Martin and obtained using a Thermo Scientific K-alpha 

spectrometer with a monochromatized Al X-ray source (hν = 1486.6 eV; spot size = 400 µm). 

Pass energies of 30 and 100 eV were used to record the core level and the survey spectra, 

respectively. All spectra were acquired using an electron flood gun to compensate possible 

positive charge accumulation during measurements. The obtained spectra were deconvoluted 

and fitted using Thermo Scientific™ Advantage Software. The evolution of the oxygen content 

during the AST was monitored by dividing the peak areas of the O1s and the C1s signal (without 

the contribution of Nafion®-related envelopes), after proper background subtraction, by their 

respective atomic sensitivity factors: 

(
O1s

C1s
) =  

IO1s

0.63
×

0.205

IC1s
 

 

2.D: Fourier transform infrared spectroscopy (FTIR) 

Infrared absorption spectroscopy is a technique used to obtain the absorption spectra of a 

sample, which is formed as a consequence of the absorption of electromagnetic radiation by 

molecules which absorb these frequencies of light, because they correspond to frequencies of 

the molecule bonds vibrations. The energy of a molecule is defined as the sum of the following 

contributing energy terms: (i) the rotation of the molecule, (ii) the vibration of the atoms which 

constitute the molecule, (iii) the movements of the electrons within the molecules and (iv) the 

energy of the translation of the molecule. When the molecule is surrounded by an 

electromagnetic field, an energy transfer from the electromagnetic field to the molecule is 

possible, when the Bohr condition is valid:  

∆𝐸 = 𝐸1 −  𝐸0 = hν 
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where ∆𝐸 is the difference between two energy levels (E1 > E0), h is the Planck constant and ν is 

the frequency of the incident radiation. 

The common infrared spectral range covers the wavenumber from 400 to 4000 cm-1 and enables 

to probe the vibrational energy levels of a molecule. A molecule can go into vibrational 

resonance only if its dipole is not zero, and the chemical bonds can vibrate according to the 

following movements (illustrated in Figure A.1): stretching, bending, rocking, wagging and 

twisting. 

 

Figure A.1. Illustration of the chemical bonds movements in a molecule. 

 

Annex 3: Electrode preparation for DBFC measurements  

The electrodes used for the DBFC measurements were prepared by ultrasonic spray deposition 

of catalysts suspensions onto bipolar graphite plates via a layer-by-layer method using an 

automated ultrasonic spray apparatus illustrated in Figure A.2; the method is widely described 

in ref. [291]. Briefly, the base of the apparatus has a computer numerical control (CNC) router 

table with an adjustable head drive, which serves as the holder for the ultrasonic nozzle. The 

head is controlled by a software to set fabrication variables such as spray height, spray speed, 

and automation of repeated steps. The ultrasonic spray system consists of a 10 mL PTFE-tipped 

plunger and dispenser syringe and a syringe, pump that controls the ink flow rate delivered to 

the ultrasonic narrow spray atomizer nozzle. A pinpoint spray shaper is connected to the 
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ultrasonic narrow spray atomizer nozzle, and a gas inlet port at the side of the spray shaper 

forces the catalyst ink droplet into the pinpoint spray pattern down to 250 μm at the focal point. 

The catalyst spray pattern consists of four separate and distinct paths to ensure a uniform 

coating of the catalyst layer, which in our case was made directly on the bipolar graphite plates, 

as illustrated in Figure A.3.  

Figure A.2. Schematics of ultrasonic spray deposition apparatus. From ref. [291].

Figure A.3. Ultrasonic spray pattern showing paths #1−4. From ref. [291]. 
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Annex 4: Supplementary figures 

Chapter II 

 

Figure A.4. BOR voltammograms obtained on the electrocatalysts studied in this work for 

(A) 5 mM NaBH4 and (B) 50 mM NaBH4 in 1 M NaOH. Other conditions: Ar-saturated 

electrolytes, T = 60°C, ν = 20 mV s-1, ω = 1600 rpm. 
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Figure A.5. BOR voltammograms obtained on the 53 wt.% Pd/C electrocatalysts in 

500 mM NaBH4 + 1 M NaOH for three temperatures (20, 40 and 60°C). 

Other conditions: Ar-saturated electrolytes, ν = 20 mV s-1, ω = 1600 rpm. 
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Chapter IV 

 

Figure A.6. FTIR spectra obtained under stepwise oxidation conditions from E = 0.1 to 

1.2 V vs. RHE in 0.1 M NaOH on polycrystalline gold. The relative reflectivity is calculated using 

the spectra obtained at E = 0.1 V vs. RHE as the reference reflectivity. 
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Figure A.7. FTIR spectra obtained under stepwise oxidation conditions from E = 0.1 to 

1.2 V vs. RHE in 0.1 M NaOH on polycrystalline gold. The relative reflectivity is calculated using 

the spectra obtained at E = 0.1 V vs. RHE as the reference reflectivity. 
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La pile à combustible directe à borohydrures (DBFC en anglais), qui est une sous-catégorie 

des piles à combustible alcalines, bénéficie des avantages de son combustible, le 

borohydrure de sodium (NaBH4), qui confère à ce système des caractéristiques 

thermodynamiques et énergétiques très intéressantes. Cependant, la réaction 

d’électrooxydation de NaBH4 (BOR en anglais) est très complexe et reste à ce jour encore 

peu étudiée et mal comprise sur la majorité des électrocatalyseurs (la plupart étant sous 

forme de nanoparticules métalliques supportées sur des noirs de carbone). De plus, de 

récentes études ont montré l’agressivité du milieu alcalin sur la durabilité des 

électrocatalyseurs conventionnels, révélant une grande perte de surface catalytique active, 

due principalement à un détachement des nanoparticules du support carboné. Dans ce 

contexte, ces travaux de thèse se sont orientés vers trois axes d’étude : (i) l’étude de la 

BOR sur des électrocatalyseurs à base de palladium dans des conditions proches des 

conditions réelles de fonctionnement de la DBFC ; (ii) l’étude de l’impact de la structure de 

l’anode sur les performances globales de la DBFC, et (iii) l’étude du mécanisme de 

dégradation d’électrocatalyseurs à base de métaux nobles dans un environnement alcalin. 

Les expérimentations ont été réalisées en étroite collaboration avec le U.S. Naval Research 

Laboratory (Washington, USA). 

Les résultats obtenus ont montré qu’une grande concentration en NaBH4 entraine un 

ralentissement de la cinétique de la réaction, due en partie à un fort empoisonnement de la 

surface catalytique. Par ailleurs, des marqueurs d’activité pour la BOR ont été proposés. 

Ensuite, l’utilisation d’électrodes à gradient de catalyseurs s’est avérée être une solution 

prometteuse pour mieux valoriser l’hydrogène produit via des réactions secondaires à la 

BOR. Enfin, l’utilisation de la spectroscopie infrarouge à transformée de Fourier couplée à 

de la microscopie électronique en transmission à localisation identique a permis de détecter 

la formation de carbonates au cours d’un test de vieillissement accéléré d’électrocatalyseurs 

à base de métaux nobles en milieu alcalin. Ce mécanisme explique, en partie, le 

détachement des nanoparticules observé au cours du test. 

Mots clés : Pile à combustible directe à borohydrures, réaction d’oxydation des 

borohydrures, palladium, électrocatalyse, mécanismes de dégradation, spectroscopie 

infrarouge à transformée de Fourier 

The direct borohydride fuel cell (DBFC), a subclass of alkaline fuel cells, benefits from the 

advantages of its fuel, sodium borohydride (NaBH4), which exhibits very interesting 

thermodynamic and energetic characteristics. However, the NaBH4 electrooxidation 

reaction (BOR) is very complex; to date it remains poorly studied and understood on many 

electrocatalysts (most of them are in the form of metal nanoparticles supported on carbon 

black). In addition, recent studies reported the aggressiveness of the alkaline medium on 

the durability of conventional carbon-supported electrocatalysts, revealing a large loss of 

the active catalytic surface, mainly due to the detachment of nanoparticles from the carbon 

support. In this context, this thesis focused on three main areas of study: (i) the study of the 

BOR on palladium-based electrocatalysts in conditions close to the real operating conditions 

of the DBFC; (ii) the study of the impact of the anode structure on the overall performance 

of the DBFC, and (iii) the study of the degradation mechanism of noble metal 

electrocatalysts in alkaline environment. The experiments were carried out in close 

collaboration with the U.S. Naval Research Laboratory (Washington, USA). 

The results obtained showed that a high concentration of NaBH4 leads to a decrease of the 

reaction kinetics, due in part to poisoning of the catalytic surface. In addition, activity markers 

for the BOR have been proposed. Then, the use of catalysts-gradient electrodes proved to 

be a promising solution to better valorize the hydrogen produced via side reactions of the 

BOR. Finally, the use of Fourier transform infrared spectroscopy coupled with identical-

location transmission electron microscopy enabled to detect the formation of carbonates 

during the accelerated stress test of carbon-supported noble metal electrocatalysts in 

alkaline medium, explaining, in part, the detachment of nanoparticles observed during the 

test. 

Keywords: Direct borohydride fuel cell, borohydride oxidation reaction, palladium, 

electrocatalysis, degradation mechanisms, Fourier-transform infrared spectroscopy 
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