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Abstract

In this thesis, we have developed high-efficiency, high-stability, and cost-effective

electrocatalysts using a simple and environmentally friendly process. Firstly, we prepared new

PtRu2 nanoparticles supported on sulphur- and nitrogen-co-doped crumbled graphene with

trace amounts of iron (PtRu2/PF) electrocatalyst by one-step hydrothermal process. The

PtRu2/PF catalyst achieved a current density of 10 mA·cm-2 at a low overpotential value of

only 22 mV for HER at pH=1 and a current density of 10 mA cm-2 at an overpotential of only

270 mV for the OER in alkaline solution. Interestingly, this catalyst was also efficient for

methanol oxidation reaction (MOR) in acidic solution and oxygen reduction reaction (ORR)

in 0.1 M KOH solution. Secondly, we described the preparation of a hybrid material

consisting of cobalt oxide decorated on nitrogen-doped MoS2 supported on carbon fibers

(CoO/N-MoS2/CF) through a two-step process combining hydrothermal technique and

electrochemical deposition. The CoO/N-MoS2/CF achieved a current density of 10 mA cm-2

at an overpotential of only 78 mV for the HER and a current density of 50 mA cm-2 at 458

mV for the OER in 1.0 M KOH. Additionally, the CoO/N-MoS2/CF delivered a maximum

current density of 53 mA cm-2 at an applied cell voltage of 1.5 V for a two-electrode water

splitting. Thirdly, we showed for the first time the extraordinarily capacity of perforated gold

nanoholes (Au NHs) electrodes for electrochemical water splitting under illumination with

light. The strong plasmonic electromagnetic enhancement, which occurs under illumination of

the perforated Au NHs electrode, facilities the dissociation of water into H2. The overpotential

for the HER occurs on such plasmonic electrodes at a current density of 100 mA cm-2 was 205

mV, largely improved compared to the reference material, Pt. The fast electrocatalytic

behavior of the interface was attested by a low Tafel slope of 33 mV dec-1. All of these
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materials were characterized by a variety of different techniques, such as SEM, TEM, XRD,

XPS, Raman and electrochemical measurements.

Key words: PtRu2/PF, CoO/N-MoS2/CF, Au NHs, HER, OER, water splitting.
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Résumé

Dans ce travail de thèse, nous avons synthétisé des catalyseurs très efficaces et stables en

utilisant un processus simple et respectueux de l'environnement. Premièrement, nous avons

préparé des nanoparticules de PtRu2 supportées sur un matériau à base de graphène co-dopé

au soufre et à l'azote renfermant des traces de fer (PtRu2/PF) par une réaction hydrothermale.

Le catalyseur PtRu2/PF peut produire une densité de courant de 10 mA cm-2 à une faible

valeur de surtension de 22 mV pour HER à pH = 1, et une densité de courant de 10 mA cm-2 à

une surtension de 270 mV pour l'OER en milieu alcalin. De plus, ce catalyseur est également

très efficace pour l'oxydation du méthanol (MOR) en milieu acide et pour la réduction

d'oxygène (ORR) dans une solution 0.1 M KOH. Dans la deuxième partie de mon travail de

thèse, nous décrivons la préparation d'un matériau hybride constitué d'oxyde de cobalt décoré

sur MoS2 dopé à l'azote supporté sur des fibres de carbone (CoO/N-MoS2/CF) en combinant

la technique hydrothermale et le dépôt électrochimique. Le CoO/N-MoS2/CF a fourni une

densité de courant de 10 mA cm-2 à une surtension de 78 mV pour la réaction de dégagement

d’hydrogène (HER) et une densité de courant de 50 mA cm-2 à 458 mV pour la réaction de

dégagement d’oxygène (OER) dans 1.0 M KOH. De plus, le CoO/N-MoS2/CF a permis de

générer une densité de courant maximale de 53 mA cm-2 à une tension de cellule appliquée de

1.5 V pour l’électrolyse d'eau dans un système à deux électrodes. Dans la troisième partie de

mon travail de thèse, nous avons montré pour la première fois l’effet de plasmons de surface

localisés pour accélérer la réaction électrochimique de dégagement d’hydrogène en utilisant

un film mince d’or nanostructuré, sous un éclairage avec de la lumière dans le proche

infrarouge. La génération d’un champ électromagnétique intense, sous l'éclairage de

l'électrode perforée de nano-trous d'or (Au NH), facilite la dissociation de l'eau en H2. La

surtension nécessaire pour le dégagement d’hydrogène sur de telles électrodes plasmoniques
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est de 205 mV pour produire une densité de courant de 100 mA cm-2, largement améliorée par

rapport au matériau de référence, le Pt. Le comportement électrocatalytique est aussi

caractérisé par une faible pente de Tafel de 33 mV dec-1. L’ensemble des matériaux préparés

dans ce travail ont été caractérisés par une variété de techniques différentes, telles que la

microscopie électronique à balayage (MEB), en transmission (MET), la diffractométrie de

rayons X (DRX), spectrométrie photoélectronique X (XPS), la spectroscopie Raman et des

mesures électrochimiques.

Mots clés : PtRu2/PF, CoO/N-MoS2/CF, Au NHs, HER, OER, fractionnement de l'eau.
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General Introduction

Hydrogen (H2) has been considered as the most promising and renewable energy carrier.

With the advantages of low cost and high efficiency, electrochemical water splitting is a

promising approach to produce H2 with high purity. However, the practical application of

water splitting for mass production of H2 is greatly hindered by the high applied bias voltage

and electrode stability required in an electrolyzer arising from the two-half reactions in water

splitting, namely, cathodic hydrogen evolution reaction (HER) and anodic oxygen evolution

reaction (OER).

Currently, Pt-group metals are the most effective catalysts for HER, while the

benchmark catalysts for OER are Ir/Ru-based compounds. However, high cost and scarcity of

these metals limit their widespread use. Therefore, enormous efforts have been dedicated to

the development of nano-scale non-noble metal catalysts with high dispersibility, large

specific surface area, and electrocatalytic activity for water splitting.
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CHAPTER 1

Introduction

1.1 Development of world energy structure

The current global energy crisis, including the rapid growth of total energy demand, high

prices of non-renewable energy, shortages of coal and other fossil fuels, severe environmental

pollution and the greenhouse effect, has a negative impact on the human being [1]. Therefore,

people are gradually looking for renewable clean energy. The world's energy structure is

currently undergoing a gradual transition from oil and gas to new energy sources. Therefore,

various countries are actively developing renewable and clean energy sources other than fossil

fuels [2].

Since 1979, Japan has successively launched the "Sunshine Plan" for the development of

new energy technology research, the "Moonlight Plan" for the development of energy-saving

technology research, and the "New Sunshine Plan" for accelerating the development of

comprehensive technologies in the energy and environmental fields. In addition, in November

2008, the US government, the world's largest energy consumer, also launched a series of new

energy policies, including attempts to stimulate awareness of investment in clean energy in

the next 10 years. Furthermore, Europe also attaches great importance to the development of

new energy, and has launched various projects such as "Clean Urban Transport for Europe",

and invested a lot of financial resources in the development of new energy.

Due to the high energy conversion rate and low operating temperature of fuel cells, they

are considered as an ideal renewable energy source to overcome future energy anxiety [3],

even though they require electrocatalysts with good activity and stability [4].

At the same time, hydrogen (H2), as a substitute for gasoline and diesel, has also received

extensive attention from experts. The rational use of renewable clean energy is no longer just
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a manifestation of human civilization and progress, but also an important way and long-term

strategy to achieve sustainable development.

1.1.1 Significance to develop hydrogen (H2)

H2 is an important chemical raw material for a large number of applications such as

ammonia production and petroleum refining, and represents the most ideal secondary energy

source [5]. Compared with fossil energy, it has the following five advantages: (1) H2 is the

most common element in nature, and its density is the smallest compared to all elements; (2)

H2 is non-toxic. Compared with other fuels, H2 combustion is the cleanest. The main product

of combustion in the air is water, which is non-polluting.[6] And then water could split to

produce H2. This cycle makes H2 a resource-constrained peaceful green energy; (3) The

calorific value of H2 is about 1.4 × 105 kJ/kg, which is the highest among all fuels except

nuclear energy; (4) In the energy industry, H2 is the best heat transfer carrier; (5) H2 can not

only generate thermal energy-mechanical work through combustion in a heat engine, but also

convert non-storable renewable energy sources such as solar energy into storable H2 energy

by photoelectrochemical water splitting.[7] Furthermore, a large amount of H2 is stored in

water [8]. Because of the above-listed characteristics, H2 is recognized as "the oil of the

future" and the most promising clean energy source. However, because the generation of H2

requires a large amount of energy along with its low efficiency and difficulty to transport, H2

research and development is of great significance.

In fact, many researchers are working to achieve the goal of the widespread application of

H2, so that it can provide more convenience for human life and work [9]. To this end,

mankind has made many achievements: (1) the artificial earth satellites used by soviet

astronaut Gagarin in 1957 and the Apollo spacecraft that first landed on the moon in 1968

both recorded the contribution of H2 fuel; (2) H2 vehicles produced by using H2 instead of

gasoline can increase the fuel utilization efficiency by 20%, which is undoubtedly the most
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ideal green vehicle; (3) H2-oxygen (O2) generators that use H2 and O2 combustion to generate

electricity. In addition, H2 has a simple structure and the power generation capacity is higher

than that of ordinary power stations; (4) Application of H2 fuel cell [10-12]. It can be used to

build fixed power stations, vehicles, ships and mobile power; (5) H2 can be used in human life.

People can store H2 and use it to turn on kitchen stoves and air conditioners, etc., which is

expected to create more comfort for human beings.

1.2 H2 development progress

Since the 1970s, H2 energy has become a competitive candidate because of its

environmental friendliness, green sustainability and high energy density [13-15]. Several

methods have been applied to produce H2 fuel. At present, scientists have been able to

simulate the photosynthesis of plants to produce H2, which is cheaper and safer than other

methods, and is expected to be used for H2 production on an industrial scale in the future [16-

18]. H2 production through photosynthesis of plants is a simple and non-polluting way, but it

is very unstable (Figure 1). For example, hydrogenase activity in the chloroplasts of

Chlamydomonas reinhardtii increases under low-oxygen environment, so that [H] is

converted into H2, and eukaryotic green algae can also produce H2 under light conditions.

These two are the prospect of biological H2 production, however, under natural environment,

this process will be affected by the outside world, so its H2 production process is unstable.

Secondly, reducing protons H+ is one of the methods that artificially simulated

photosynthesis uses to convert and store solar energy. Using photo-electric decomposition of

water is actually a process of photosynthesis in the natural world. The main components of

photoelectrochemical (PEC) water splitting devices are the semiconductor light absorbing

photoelectrodes, the electrolyte and the separation membrane. The basic principle behind PEC

water splitting is the conversion of solar energy to hydrogen by applying an external bias on

to the photovoltaic materials immersed in an electrolyte, which contains a semiconductor
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exposed to light. The electricity is then used for water electrolysis [19-21]. Among them, the

most critical is the efficiency of the semiconductor photocatalyst. Ultimately, to improve the

conversion efficiency of solar energy to chemical energy, it is necessary to prevent the

recombination of electron-hole pairs, generated upon light irradiation of the semiconductor.

Scientists generally use a method of supporting a co-catalyst on the surface of a

semiconductor catalyst, and therefore whether the catalytic performance of the supported co-

catalyst is good or bad will directly affect the level of water decomposition efficiency [22-25].

With the rise of new energy sources, the use of solar energy and other energy sources for

large-scale decomposition of water to produce H2 energy has gradually become the goal of all

countries in the world [26-28]. By photo-catalytic H2 production technology, the goal of

decomposing H2 from aquatic products at lower temperatures can be achieved [29-31].

However, the photolectrochemical approaches have low efficiency (Figure 1) [32-35].

Figure 1. The three main ways of hydrogen production under the support of modern

technology.

The third way for H2 production is electrolysis of water. H2, produced by the

electrochemical water splitting, has been considered as the most promising and renewable

energy carrier [36-40]. With the advantages of low cost and high efficiency, electrochemical
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overall water splitting (OWP) is a promising approach to produce H2 with high purity [41-43].

By far, this energy conversion technology has attracted extensive attention due to its high

energy conversion efficiency, negligible environment pollution, and potentially wide range of

applications [44-47]. However, the practical application of OWP for mass production of H2 is

greatly hindered by the large overpotential required for the two-half reactions in an

electrolyzer for OWP [48-50], namely, the cathodic hydrogen evolution reaction (HER) and

anodic oxygen evolution reaction (OER).

1.2.1 Photoelectrochemical (PEC) water splitting

Solar energy is highly regarded by people for its advantages of reproducibility and

pollution-free [51-53]. There are three main ways to use solar energy: The first is solar-to-heat

conversion. This is a simple and ancient method, but it is the most widely distributed method.

Generally, people use solar water heaters, solar stoves and other methods [54-56]. The second

is solar-to-electric conversion. That is, under light irradiation, the separation effect of electron

and hole pairs occurs in the semiconductor p-n junction. Solar photovoltaic is the most

promising way to use solar energy today [57-59]. The third is solar-to-chemical conversion.

The conversion of solar to chemical energy generally refers to H2 energy or storage of energy

in organic matter. The way is mainly photosynthesis and chemical energy is transformed by

plants in nature [60-63]. But the conversion efficiency is too low. Therefore, people use this

idea to artificially convert solar energy into chemical energy.

PEC decomposition of water is a method of solar energy conversion and storage with

great application prospects [64-66]. The environment in which human beings live is rich in

water resources and solar energy is inexhaustible. If these two can be comprehensively used,

this will solve the energy crisis. From the perspective of energy conversion, during the water

decomposition, solar energy can be converted into chemical energy of H2 fuel through

semiconductor photoelectrodes [67-69]. PEC water splitting is initiated with photo-induced
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charges of semiconductor electrodes under solar illumination [70-72]. Taking the water

decomposition in an n-type semiconductor-based PEC unit as an example, the PEC water

decomposition step can be summarized as follows (see Figure 2A). (i) When the n-type

semiconductor electrode absorbs photons with energy higher than its band gap, electrons and

holes are generated in the conduction and valence bands of the n-type semiconductor

electrode, respectively. (ii) If the valence band edge of the n-type semiconductor is higher

than the water oxidation potential (1.23 V vs. RHE), the water molecules will be split into

oxygen molecules on the n-type photo-electrode via the theoretical oxidation ability of photo-

induced holes. (iii) Meanwhile, the electrons of the n-type photo-electrode are directionally

transferred to the counter electrode via bias driving through the outer circuit. When the

conduction band edge of the n-type semiconductor or the applied bias on the counter electrode

is lower than the proton reduction potential (0 V vs. RHE), the water mole protons are

theoretically reduced into H2 on the counter electrode. In the case of p-type semiconductor-

based PEC cells, the water molecules or protons are photoelectrochemically reduced into H2

on the surface of the p-type photo-electrode, while the water molecules are oxidized into O2

on the counter electrode via photo-excited holes (Figure 2B). In addition, the water molecules

could be reduced and oxidized simultaneously in a tandem system composed of an

appropriate n-type photo-electrode and a p-type photo-electrode (Figure 2C). On the whole,

the fundamental principles of PEC organic synthesis are similar to PEC water splitting. In

essence, both of them involve solar-driven oxidation or reduction reactions on semiconductor

electrodes [74].

For PEC water splitting, the semiconductor electrode is the heart of the PEC system;

thus, its performance has a fundamental influence on the efficiency of the water splitting [74-

76]. It is generally accepted that an effective PEC reaction involves seamless cooperation

between light harvesting, charge separation, and the surface reaction of the semiconductor
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electrode [77-79]. With consideration for the integral PEC reaction process, the ideal

semiconductor electrode for PEC water splitting should exhibit the following properties: (i)

suitable band gap for wide absorption of solar light; (ii) modest band edge position to straddle

a specific oxidation or reduction reaction potential; (iii) satisfactory PEC reaction stability in

electrolytes; (iv) high charge transfer and separation efficiency as well as fast PEC kinetic

reaction; and (v) acceptable production cost and abundance of raw materials [80-82]. In the

past few decades, almost all possible binary metal oxide semiconductors have been

investigated as photo-electrode materials for PEC applications; however, a satisfactory photo-

electrode remains elusive.

Figure 2. (A) Water decomposition in an n-type semiconductor-based PEC unit. (B) Water

decomposition in a p-type semiconductor-based PEC unit. (C) Water decomposition in an n-

type and a p-type semiconductor-based PEC unit [74].
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1.2.2 Electrochemistry of water splitting

1.2.2.1 Current state of electrochemical water splitting

H2 production by water electrolysis can be divided into alkaline water electrolysis,

proton exchange membrane water electrolysis, and solid oxide water electrolysis.

The industrial application of water electrolysis technology began in the 1920s. The

alkaline water electrolysis technology has achieved industrial scale H2 production and is used

in industrial needs such as ammonia production and petroleum refining. After the 1970s,

energy shortage, environmental pollution, and space exploration requirements drove the

development of proton exchange membrane electrolysis water technology. At the same time,

the high-pressure compact alkaline electrolyzed water technology required for the

development of special fields has also been developed accordingly. At present, the practical

application of electrolyzed H2 production technology mainly includes alkaline liquid water

electrolysis and solid polymer water electrolysis.

The alkaline liquid water electrolysis technology uses KOH or NaOH aqueous solutions

as electrolytes, and electrolyzes water under the action of direct current to generate H2 and O2.

The alkaline liquid water electrolysis was industrialized in the mid-20th century. The

technology is relatively mature, with an operating life of up to 15 years.

1.2.2.2 Basic set-up for liquid water splitting systems

Water electrolysis produces H2 and O2 at the cathode and anode, respectively. At the

anode, water is decomposed into O2 along with protons and electrons, this is the oxygen

evolution reaction (OER) [83, 84]. At the cathode, H2 evolves by recombination of the

protons and electrons, this is called hydrogen evolution reaction (HER) [85]. As shown in

Figure 3, a typical electrolyzer consists of three parts: an aqueous electrolyte, an anode and a

cathode [86]. The bifunctional HER-OER catalysts are applied on both the anode and cathode

to speed up the overall water splitting reaction. When an external voltage is applied between
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the two electrodes, the OER and HER occur at the anode and cathode, respectively [86-88].

Depending on the electrolytes in which water splitting proceeds, the water splitting reaction

can be described as shown below.

Total reaction (1)

In acidic solution

Cathode (2)

Anode (3)

In alkaline solution

Cathode (4)

Anode (5)

The thermodynamic voltage of water splitting is known to be 1.23 V regardless of the

reaction medium [89]. In order to perform water decomposition at a practical rate, we must

apply additional voltage to the cell and the overall operational voltage (Vop) for water splitting

can be described as:

(6)

where ηΩ represents the excess potential applied for compensating the system internal

resistance, such as solution resistance and contact resistance [90-92]. ηa and ηc are the

overpotentials required to overcome the intrinsic activation barriers of the anode and cathode,

respectively. The intrinsic activation barriers can be minimized by using highly active OER

and HER catalysts. In view of this, the primary challenge for research is to develop efficient

bifunctional water splitting electrocatalysts, preferably based on low-cost and earth-abundant

elements such that ηa and |ηc| are minimized and the water splitting efficiency is improved

[93-95].
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Figure 3. A typical electrolyzer consists of three parts: an aqueous electrolyte, an anode and a

cathode.

According to theoretical calculations, when the voltage between the cathode and anode is

greater than 1.23 eV, the production process of water splitting can be achieved. However, due

to the overpotential, the required energy will increase, and the required applied voltage

between the H2 and O2 electrodes will also increase, and the minimum voltage necessary to

decompose water is 1.8 eV [96]. In the experimental process, Pt, Pd, and Ru are commonly

used as catalysts to improve the efficiency of water splitting [97-99]. However, their price is

high. Therefore, we need to understand the mechanism of water decomposition reaction, so as

to select the appropriate material as a catalyst candidate [100].

1.3 Fundamentals of water electrolysis

1.3.1 Cathode: fundamentals of the hydrogen evolution reaction (HER)

Almost all common metals have undergone extensive research for HER [101-105].

Generally, the HER process involves three steps in acidic and alkaline media [106]:

Volmer reaction (electrochemical hydrogen adsorption)

(in acidic medium) (7)

(in alkaline medium) (8)
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Followed by Heyrovsky reaction (electrochemical desorption)

(in acidic medium) (9)

(in alkaline medium) (10)

Or

Tafel reaction (chemical desorption)

(11)

Figure 4. The mode of adsorption reaction on the metal cathode surface and volcano-like

relationship between the negative logarithm for exchange current

density and metal-hydrogen bond energy for hydrogen evolution reaction.

It is well known that the activity of the electrode material towards the HER depends on

its electronic structure. As displayed in Figure 4, Trasatti plotted the logarithm of the
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exchange current density, log j0, on different metals against the metal-hydrogen (M-H) bond

strength for the HER in acidic condition [107]. From the mechanism of HER, it can be

divided into two steps, H2 adsorption reaction (1) (Volmer reaction), electrochemical

desorption reaction (Heyrovsky reaction) or composite adsorption reaction (2 or 3) (Tafel

reaction), where reactions (2) and (3) are competing with each other [108-110]. It can be seen

from the above reaction process that if the M-H bond is too weak, it will affect the formation

of the intermediate product M-H. Conversely, if the M-H bond is too strong, it is not leading

to the desorption reaction of this intermediate to produce the final product (Figure 4B). In the

volcanic relationship in the Figure 4B, Pt is closest to the volcanic mountain top compared to

other metals, that is, the Pt-H bond energy is closer to the optimal M-H bond energy.

In combination with the overpotential values of different catalysts shown in Figure 4A for

H2 release, it turns out that Pt is the best H2 electrode catalyst. This so-called volcano curve

permits a quick comparison of the activities of different metals. However, the reported

volcano plots for HER kinetics as a function of M-H bond energies (or metal properties)

usually does not take into consideration other parameters such as solution pH. In fact, a three-

dimensional (3D) volcano curve should be plotted with pH in the third axis. However, reliable

data for alkaline solution kinetics are far from sufficient for drawing such a plot. Therefore,

future efforts to advance the volcano plot for the HER under basic conditions will be valuable

for the overall alkaline electrolysis reaction [111-114].

1.3.2 Anode: thermodynamics of the oxygen evolution reaction (OER)

Promotion of OER by transition metal oxides [115-117], hydroxides [118-120], and

perovskites [121-123] has been extensively studied. Compared to HER mechanisms, the OER

mechanisms and pathways are relatively more complex. O2 is generally emitted from a

surface of metal oxide, but not from the bare metal, and the OER mechanism is different for

oxides with different surface structures. Due to the differences in thickness and structures of
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their oxide layers and preparation methods, even oxides with identical compositions may

produce different electro-kinetic profiles. In spite of this, a general mechanism for the OER

on oxides has been proposed as follows:

(12)

or (13)

or (14)

Fig. 5 Volcano-like relationship between overpotential at ~ 1 mA cm-2 and surface oxygen

binding strength in acidic and basic media.

Figure 5 displays the volcano plot showing the activity of O2 generation on first-row

transition metal oxide surfaces against the transition enthalpy of the oxides in either acidic or

basic conditions. As seen, noble metal oxides, RuO2 and IrO2, are located at the top of the plot

because of their low redox potential and good electrical conductivity. However, their high

price and limited HER activity make these precious-metal based oxides unsuitable for use as

bifunctional catalysts in large scale water splitting. Conversely, cheaper and more sustainable
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bifunctional transition metal compound catalysts have demonstrated high activity for both

HER and OER with electrochemical stability.

1.4 Catalytic materials for water splitting

1.4.1 HER catalysts

As mentioned earlier, it is worthwhile to understand the effect of these electrocatalysts

on improving the HER performance. Herein, we will provide an overview of the recent

studies on noble metal, non-noble metal and metal-free catalysts. The HER performances of

the reported electrocatalysts are listed in Table 1.

1.4.1.1 Noble metal catalysts

I. Pt-based materials

Noble metals including Pt, Ru, Rh, Ir and Pd, have been proven as excellent cathode

catalysts for HER [124]. Among these metals, Pt is the best HER catalyst because it has an

overpotential close to 0 V, however, its widespread use is restricted by scarcity and high price

[124].

Currently, three major strategies have been considered to reduce the amount of Pt without

compromising its electrocatalytic activity: (i) Increasing the number of reactive sites through

the fabrication of a nanostructured Pt surface to expose more active sites [125-127].

Nanostructured metal catalysts are attracting significant attention in a variety of energy

devices including fuel cells, sensors, Li-ion batteries, supercapacitors, thermoelectric devices

and memory devices [128-132]. When the size of the metals reaches to the nanometer scale,

new physical and chemical properties appear due to the existence of quantum size effect [133].

In addition, nanostructured metals could provide a much higher specific surface area than

their bulk counterparts, which is advantageous for energy devices because the

reaction/interaction between the electrodes’ surface and the interacting media can be
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significantly enhanced [134]. (ii) Apart from synthesizing metals at the nanometer scale, new,

optimized and enhanced properties can also be achieved by alloying noble metals with other

metals (e.g., with noble metals, metal oxides, carbon materials and so on) [135-137] to

increase the site-specific activity. Single-component nanomaterials may not be able to meet

the strict requirements of future electrocatalytic devices and their inherent physical properties,

such as conductivity, recyclability, and stability need additional improvement [138-142].

Reasonably, introducing one or several different metals to contact with single-phase

nanomaterials has brought great hope to alleviate the above challenges. For example, Zheng

and coworkers designed Pt-decorated Ni3N nanosheet electrocatalysts to achieve alkaline

HER at a current density of 200 mA/cm2 at an overpotential of 160 mV. Ni3N species not

only improved the electron conductivity, but also promoted water dissociation with the

ultrathin surface oxidation layer formed under the ambient atmosphere [143].

Apart from interface engineering, the alloy structure provides another means for the

construction of multiple sites. Lee and coworkers prepared hexapod Pt@Ni@Co alloy

nanocatalysts that exhibited better HER activity than commercial Pt/C catalysts. The

introduction of Co facilitated the H-OH cleavage reaction for better Volmer step kinetics

[144].

Recently, doping was also employed in Pt-based materials for HER. Wang and coworkers

prepared N-modified Pt-Ni nanowires to deliver ultralow over-potential of 13 mV at a current

density of 10 mA/cm2 [145]. The common goal of these developments is to minimize Pt

loading for potential large-scale commercial applications.

II. Ru-based materials

Because of its relatively low cost (~4% the price of Pt) and a similar bond strength as Pt

with hydrogen, Ru exhibits stronger water dissociation ability than that of Pt metal. Ru has
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become the most promising water splitting catalyst among all the non-Pt noble metals [146-

149].

Recent work has shown that combining Ru-based nanostructures or chelating metal

atoms leads to a new class of catalysts for HER [150-153]. Qiao and coworkers reported

anomalous Ru/C3N4/C catalysts that exhibited small overpotential of 79 mV at a current

density of 10 mA/cm2 and 2.5 times higher TOF value than that of Pt/C catalyst [146]. In

consideration of the relatively high price of Ru, it is meaningful to further reduce the particle

size of Ru and improve the atomic utilization of Ru. In this regard, Feng and coworkers

prepared single Ru atoms in an N-doped carbon matrix via the calcination of Ru3+ and

polyaniline complex precursor on graphite foam (Ru/NC) under N2 protection [147]. The

obtained Ru/NC catalyst exhibited a geometric current density of 10 mA/cm2 at an

overpotential of 21 mV.

Recently, new insights were obtained with regard to accelerating water dissociation

kinetics and obtaining optimal hydroxyl adsorption via isolating Co atoms into the Ru lattice.

Li and coworkers prepared Co-substituted Ru nanosheets with an HER current density of 10

mA/cm2 at a low overpotential of 13 mV [151]. Most of the Ru-based electrocatalysts showed

remarkable HER catalytic performance with lower overpotential and longtime stability, and

also exhibited better or comparable activity with commercial Pt/C electrocatalysts.

1.4.1.2 Non-noble metal HER electrocatalysts

In the past few decades, in order to find a suitable alternative for noble metals,

researchers have studied various non-noble catalysts for the HER. However, non-noble metals

always display poor activity and/or stability [136].

Currently, many efforts have been devoted to develop various strategies for designing

active structures, such as components, interfaces, and defects [154-156]. Generally, metallic

cathodes with a denser microstructure are detrimental to HER. Therefore, developing
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cathodes with a nanostructured surface is a key method to improve the activity and reduce the

overpotential [157].

Due to their high electrocatalytic activities, earth abundance and low cost, many earth-

abundant transition-metal based compounds including transition metal sulfides, phosphides,

nitrides, carbides and oxides have been widely explored [158-159].

I. Metal sulfides based HER catalysts

Metal sulfides are the largest class of materials for electrocatalysis due to their intriguing

structural and electronic properties [159]. Metal sulfides can be divided into layered

transition-metal disulfides and non-layered metal sulfides, according to their two-dimensional

(2D) form [160]. Bulk transition-metal disulfides (non-layered metal sulfide) consist of

monolayers stacked by van der Waals forces, whereas the general crystal structure of a

transition-metal disulfide monolayer can be described as a sandwich structure where the 2D

transition metal is situated between two layers of chalcogen [161]. The development of 2D

transition-metal disulfide electrocatalysts has the greatest potential for achieving low-cost and

high-performing electrocatalysts for clean energy conversion applications [162].

The representative 2D transition-metal disulfide material, molybdenum disulfide (MoS2),

has received widespread attention due to its fascinating physical and chemical properties and

reduced dimensionality. It has been shown that the electrochemical catalytic activity of MoS2

is highly dependent on the amount of sulfur-terminated edges, while the in-plane structure is

catalytic inert [163, 164].

In recent years, to improve the performance of MoS2 for HER, three approaches have

been attempted. One possible approach is structural engineering i.e. manipulating the MoS2

structure at the nanoscale, including nanotubes [165], nanowires [166], nanostructured films

[167], and nanosheets [168]. Another efficient strategy is to enhance the intrinsic activity

through introduction of structural defects and disorder, enhancing the activity of S edge sites
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to activate the inert basal plane [169]. Nørskov et al. demonstrated that strained MoS2 via the

introduction of sulphur vacancies and strain exhibited an enhanced HER activity [170].

The third way is to increase the electrical conductivity through chemical exfoliation and

coupling with an appropriate substrate. Chemical exfoliation is an efficient method to reduce

charge transfer loss and lower the stacking between MoS2 layers [170, 171]. Chhowalla

proposed a solvent-free chemical stripping method, which subsequently eliminated surface

charges, thereby constructing highly conductive 1T-MoS2 nanosheets as HER catalysts [172].

In addition to chemical exfoliation, an electrocatalyst should be used in combination with a

suitable support to overcome its poor conductivity and further enhancing its catalytic activity

for HER. Dai’s team firstly prepared reduced graphene oxide decorated with MoS2

nanoparticles through a solvothermal method [173]. The MoS2/rGO hybrid materials provided

abundant active edge sites, resulting in high electrocatalytic activity for HER. Their work

provided inspiration for the synthesis of an advanced MoS2 electrocatalyst with highly

conductive substrates.

II. Metal phosphides based HER catalysts

Given their structural similarities to hydrogenase, transition metal phosphides are of

interest for HER catalysis. The negatively charged P atoms in the catalyst can capture protons

and act as sites for H2 dissociation [174]. In addition, anodic electrochemical treatment,

including O2 evolution, result in an amorphous transition metal oxyhydroxide shell on the

surface of the catalysts which can act as catalytically active shell for O2 evolution [175]. The

combination of these properties and bifunctional character confer catalytic properties for

transition metal phosphides that are appropriate for overall water splitting. Schaak et al.

reported various transition metal phosphides obtained from commercially available metal foils

(Fe, Co, Ni, Cu, and NiFe) with good HER and OER catalytic activities [176].
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Recently, in order to enhance the density of exposed active sites, the design of

nanostructured transition metal phosphides has become a hot topic. Tour et al. reported

porous nanorods with a mixed-phase of Co phosphide/Co phosphate with superior activity for

catalytic H2 and O2 evolution reactions [177]. Liu et al. developed sulfur-doped cobalt

phosphide with an attractive performance for chemical water splitting [178]. Among the

transition metal phosphides, nickel and cobalt phosphides are thought to be more active than

other materials [176].

1.4.1.3 Metal-free catalysts

For most catalytic processes involving redox reactions, the active components of the

catalyst are generally metals. Carbon materials are formed from carbon atoms through

different bonding methods. In particular, due to the advantages of high electronic conductivity,

ideal microstructure, good resistance to corrosion, functional carbon materials such as

activated carbon, carbon nanotubes, carbon fibers, and graphene (including graphene oxide

and reduced graphene oxide) have been widely used as substrates for the deposition of

electrocatalytic materials [179]. Qu et al. have reviewed the use of graphene materials for the

electrocatalytic splitting of water, indicating that graphene has been extensively researched

and therefore has been implemented to play a variety of roles in electrochemistry field, such

as being the electrochemical platform and/or as a functionalizable support [180]. However,

pristine graphene-based composite electrodes often suffer from poor stability and low mass

activity [180].

It is well known that carbon-based composites have a promising application potential in

the electrochemical field of batteries, supercapacitors, and electrocatalysts [179]. Currently,

replacing some carbon atoms of the original graphene by heteroatoms (N, P, or S) is a viable

approach to fine-tune its electronic structure and chemical/electrochemical properties. In this

way, the electrocatalytic properties of carbon materials for the HER can be significantly
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improved by heteroatom doping [181]. Qiao's research team conducted a comprehensive

study on the effect of heteroatom dopants in graphene on HER activity [182]. They designed

and synthesized N, P, S, B, O, F doped or dual-doped graphene as metal-free electrocatalysts

for the HER. Their results indicated that N and P could coactivate adjacent C atoms in the

graphene matrix by adjusting the valence orbital energy level. It was found that the double-

doped graphene has a higher HER activity than the corresponding single-doped one [182].

Besides graphene, other carbon materials such as N- and S-co-doped porous carbon materials

[183], N-doped activated carbon fiber [184], and B-doped multi-walled carbon nanotubes

[185] were also reported as effective water electrolysis catalysts, and some of them showed

comparable properties to those of traditional metallic catalysts.

Table 1. Summary of the HER performance of some reported electrocatalysts.

Catalyst Condition E (V) at

J =-10 mA cm-2

Tafel slope

(mV dec-1)

Reference

Pt-Ni3N 1 M KOH 0.05 36.5 [143]

Pt@Ni@Co 0.1 M KOH 0.022 / [144]

N-Pt-Ni 1 M KOH 0.013 76 [145]

Ru/C3N4/C 0.1 M KOH 0.079 61 [146]

Ru NPs/NC 1 M KOH 0.112 31 [147]

Ni43Ru57 0.5 M H2SO4 0.041 31 [148]

Ru@CN-0.16 1 M KOH 0.05 53 [149]

Ru@C2N 0.5 M H2SO4 0.02 30 [150]

Co-Ru NSs 1 M KOH 0.013 29 [151]

S-MoS2@C 0.5 M H2SO4 136 / [154]

Fe0.54Co0.46S0.92/CNTs/

CC

1 M KOH 70 55 [155]
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Cu NDs/Ni3S2 NTs-

CFs

1 M KOH 0.128 72.6 [156]

Cu-Mo-S 0.5 M H2SO4 0.096 52 [162]

MoSe2 0.5 M H2SO4 / 105 [167]

O-MoS2 0.5 M H2SO4 0.2 55 [171]

1T MoS2 0.5 M H2SO4 0.2 40 [172]

MoS2/RGO 0.5 M H2SO4 0.12 41 [173]

Co

phosphide/phosphate

0.5 M H2SO4 0.15 53 [177]

CoS-P/CNT 0.5 M H2SO4 0.048 55 [178]

N-S/rGO 0.5 M H2SO4 0.27 81 [181]

N-S/C 0.5 M H2SO4 0.1 57 [183]

1.4.2 OER catalysts

As mentioned above, due to the complex four electron oxidation process, the OER has a

more significant overpotential than HER. So far, the effective catalysts for decreasing the

OER overpotential of water splitting are mainly Ru and Ir-based catalysts [186]. Just like

other noble metals, the price and scarcity of Ru and Ir-based catalysts hinder their large-scale

applications [186-188].

A large amount of effort and progress have been invested in developing OER catalysts

with low cost materials or a reduced amount of Ir (Ru). Therefore, it is necessary to obtain an

O2 release catalyst with the advantages of simple preparation method, low price, low

overpotential and good stability [189].
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To date, remarkable progress has been made on non-noble metal catalysts, such as

transition metal oxides, sulfides, phosphides etc [190-192]. The OER performances of the

reported electrocatalysts are listed in Table 2.

1.4.2.1 Cobalt-based catalysts for OER

Co-based catalysts represent an interesting class of materials for electrocatalytic processes,

owing to the high abundance of Co element on the earth, which is economically affordable

and far lower price than precious metals such as Pt, Ru and Ir. And metallic Co is a promising

catalyst selection for the OER [157].

In order to exploit highly efficient alternative OER electrocatalysts, numerous Co-based

catalysts such as metal oxides, hydro(oxy)oxides, sulfides and phosphates have been studied

[193]. Coupling Co-based catalysts with catalytic or conductive materials could further

enhance the catalytic performance [194].

Recently, Co based catalysts with more rational 3D core/shell heterostructures have also

attracted considerable attention due to their high surface area, and fast electron and electrolyte

transfer ability [195]. Gu et al. fabricated a hierarchical Co3O4@CoxFe3-xO4 core/shell

structure on Ni foam, this kind of porous heterostructure had a large surface area and good

conductivity, and revealed a high activity with an OER current density of 10 mA/cm2 at a low

overpotential of 200 mV [196]. Co-based catalysts have been recognized as highly efficient

and economical O2 release catalysts.

1.4.2.2 Layered double hydroxides (LDH)-based catalysts for OER

LDH, which belong to hydrotalcite-like compounds, are a large group of 2D anionic clay

materials. In particular, metallic cations from the transition group can enhance the charge

transport of the material [157]. To date, a large number of LDHs have been developed for

electrochemical supercapacitors, electrochemical sensors, electrocatalysis and so on [197].
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However, they usually show an unsatisfactory conductivity and their 2D microstructure

limits the specific surface area per geometric area [198-200]. In order to solve these problems,

the aid of nanoarray architectures on conductive substrates or assistance by conductive carbon

materials or Ni foam was considered [201]. It has been found that with the help of a support,

the conventional planar structure of LDH materials can be reconstructed into a 3D

architecture with a high active surface area [202-204].

In addition, it should be noted that LDH materials have relatively weak interlayer

bonding. Thus, it is possible to expand the interlayer distance in LDHs with the assistance of

anions and some small organic molecules [205-207]. Song et al. reported that increasing the

inter-layer distance is a prerequisite for improving OER performance [205]. Sun et al.

reported a ternary LDH containing Ni, Fe and Mn cations, which exhibited better OER

activity than NiFe LDH and commercial Ir/C catalysts [206]. Yang et al. synthesized multi-

transition metal based LDHs via controlling the ratio of tri- and bi-valent ions. The as-

prepared FeNiCo LDH showed advanced catalytic activity than binary metal NiFe or NiCo

[207].

Table 2. Summary of the OER performances of some reported electrocatalysts.

Catalyst Condition E (V) at

J =10 mA cm-2

Tafel slope

(mV dec-1)

Reference

CoMn LDH pH = 7 0.281 43 [191]

ex-situ Co 1 M KOH / 61 [192]

CoV-UAH 1 M KOH 0.215 / [193]

Co3O4/N-rmGO 1 M KOH 0.31 67 [194]

Co1.8Ni(OH)5.6@C

o1.8NiS0.4(OH)4.8

0.10 M KOH 0.274 45 [195]
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Co3O4@

CoxFe3-xO4/NF

1 M KOH <0.27 53 [196]

NiFe LDH 0.10 M KOH 0.26 55 [198]

Co4Fe2-

LDHs/Co(OH)2

1 M KOH <0.2 / [201]

NiCo-LDH/NF 1 M KOH 0.37 113 [202]

NiFe/3D-ErGO 1 M KOH <0.27 39 [203]

CQD/NiFe-LDH 1 M KOH 0.24 30 [204]

NiFe-NS 1 M KOH 0.3 40 [205]

NiFeMn-LDH 1 M KOH 0.24 47 [206]

FeNi8Co2-LDH 1 M KOH 0.22 42 [207]

1.5 Oxygen reduction reaction (ORR) catalysts

The proton exchange membrane fuel cells (PEMFCs), built by the electrodes, electrolyte,

catalyst, and gas diffusion layers, are able to transform the chemical energy liberated during

the electrochemical reaction of H2 and O2 to electrical energy, as opposed to the direct

combustion of H2 and O2 to produce thermal energy [208]. And the ORR plays an important

role in PEMFCs [209]. The development of high-efficient catalysts for ORR is an important

area of renewable energy research to cope with the rapidly growing energy demand [210].

Although a wide range of materials have been proposed theoretically and experimentally,

most of them have not yet been implemented as potential catalysts from an industrial

perspective [211]. Table 3 summarizes some of the ORR performances of the reported

electrocatalysts.
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1.5.1 Noble metal ORR catalysts

Although significant achievements have been made on the non-Pt catalysts, Pt is well-

supported by many experimental observations to provide large current densities and low ORR

overpotentials, while being selective to the direct 4-electron reaction [212].

The ORR on a Pt electrode in acidic solutions is as follows:

(15)

in alkaline solution, the reaction may proceed via:

(16)

or

(17)

It is well-established that the ORR in acidic solutions is a very slow process and the final

product is H2O2. Increasing the intrinsic activity and exposed active sites for Pt-based

catalysts can be readily manipulated by alloying [213-215], constructing well-defined shapes

[216] and reducing the particle size [217, 218]. For instance, Yamauchi and co-workers

reported Pt-Pd hollow nanostructures with excellent electrocatalytic activities, due to their

high surface area and the synergistic effect with secondary or ternary metals [217]. Adzic et al.

reported the preparation of a core-shell structured catalyst with titanium nickel nitride as the

core, and the Pt content was significantly reduced to 5% compared with commercial 20% Pt/C

[219]. Presently, it appears that the ORR activity is not a challenge anymore, with ever-

increasing mass activity reported by numerous works, whereas the cost and durability are the

key challenging issues for the fuel cell commercialization.

1.5.2 Non-noble metal ORR catalysts

The major merits of non-noble metal catalysts include abundant reserves and low costs

compared with the noble metals [220]. In general, it is known that transition metal nitrides are
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more stable compared with oxides, because of the high energy of triple bonds between metal

and N atoms [221]. Liao et al. described a binary titanium nickel nitride synthesized by

doping Ni into the TiN nanocrystals with high ORR activity in acidic electrolytes; the activity

was almost comparable to that of commercial Pt/C catalyst [222]. Transition metal phosphides

and sulfides are also regarded as potential ORR electrocatalysts in view of the rich chemical

valence of P and S atoms, which could lead to different redox couples in the catalytic

processes [223-225], offering new opportunities to design active and durable ORR

electrocatalysts. However, the current non-noble metal-based catalysts exhibit unsatisfactory

intrinsic activities, in particular, their ORR activities are far more inferior compared with Pt/C

catalysts in acidic electrolytes. There is still a long way to go for non-noble metal-based

catalysts to be competitive for ORR [220].

1.5.3 Metal-free ORR catalysts

In the past few years, carbon nanomaterials also have become an alternative ORR

electrocatalysts [220]. These are widely available nanomaterials with unique characteristics

that make them ideal for several electrochemical applications. As catalyst supports, carbon

materials have several advantages, such as increased active surface area, enhanced

conductivity and so on [226]. These characteristics led to improved overall electrocatalytic

properties and durability of carbon materials-based electrocatalysts. There are many types of

carbon nanomaterials and the most famous are carbon nanotubes (CNTs), carbon fibers (CF)

and graphene (G) [227-229].

The carbon-based materials can be broadly divided into two categories, transition metal-

doped and heteroatom (non-metal)-doped carbon materials. For transition metal-doped carbon

materials, for example, the FeNx/C catalyst is one of the most desirable carbon-based ORR

electrocatalysts. However, this class of ORR catalysts still suffer from insufficient activity in

acidic media [223]. As non-metal-doped electrocatalysts, the most promising alternatives are
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carbon nanomaterials doped with nitrogen, sulfur and phosphorus[230-232]. Xia et al.

reported a highly porous hollow framework of N-doped CNTs with Co nanocrystals and the

improved ORR activity is mainly ascribed to the beneficial composition and the robust hollow

carbon matrix composed of interlaced N-doped CNTs [233].

Apart from the activity, the stability of carbon-based ORR catalysts is also a key

challenge for researchers. The demetallation and carbon corrosion are believed to be the main

degradation mechanisms for carbon-based catalysts/cathodes. Though various approaches for

achieving high performance have been established for numerous carbon-based ORR catalysts,

the evaluation at the large scale for these carbon-based catalysts appears less reported and is

in fact urgently required.

Table 3. Summary of the ORR performances of some reported electrocatalysts.

Catalyst Solution

(O2-saturated)

RDE (rpm) Potential

(V)

J

(mA cm-2)

Ref.

GN–Pt–IL 0.5 M H2SO4 1600 0.6 4.4 [209]

PtAg 0.1 M KOH 1600 0.6 5 [211]

Pt2ML/Ni1ML/Pt 0.1 M HClO4 1600 0.6 5.8 [215]

PtPd 0.1 M HClO4 1600 0.6 6 [217]

TiNiN@Pt 0.1 M HClO4 1600 0.6 5 [219]

Fe-N-rGO 0.5 M H2SO4 1600 0.6 2 [220]

Ti0.95Ni0.05N 0.1 M KOH 1600 0.6 5.5 [222]

PFA-P doped 0.5 M H2SO4 1500 0.2 2.5 [230]

PF-1000 0.5 M H2SO4 1600 0.6 6.2 [231]

NT-NG 0.1 M HClO4 1600 0.6 5.5 [232]
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1.6 Summary

As the global energy crisis and environmental pollution problems continue to intensify,

people have gradually paid attention to the research of renewable and clean energy. H2 has

become an ideal energy carrier due to its high combustion value, clean and pollution-free

products, and reproducible use. At present, the method of decomposing water into H2 and O2

is an ideal method for producing hydrogen. Therefore, the research on the decomposition of

water to produce hydrogen has become a research hot spot in recent years.

Figure 6. The relative content distribution of elements in the crust.

To promote the efficiency of water electrolysis and reduce the cost, the key is to develop

highly-efficient, low cost electrocatalysts with a low overpotential as well as low Tafel slope

for the HER and OER. At present, the best hydrogen-producing catalyst is Pt. However, as it

can be seen from Fig. 6, the content of Pt in the earth's crust is low, so its price is quite high.

To maximize the utilization of these rare resources, nanostructured noble metals have been

widely studied to enhance the catalytic performance. Deposition of a small amount of noble

metal on a low-cost support or alloying is another alternative way to reduce the amount while

retaining or even enhancing the catalytic properties.
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In recent years, more attention has been focused on the preparation of non-noble

materials and metal-free materials. Especially, designing and fabricating nanostructured

catalysts, and foreign element doping or alloying can increase the surface area, density of

exposed active sites and conductivity. Furthermore, various conductive supports have been

employed to prepare special non-noble metal micro-structured electrocatalysts with noble

metal-like properties.

In order to reveal a good performance, the HER is generally conducted in acid solution,

while the OER in an alkaline environment. Thus, when they are combined in a water

electrolysis system, many serious problems could occur: low activity, poor stability or low

corrosion resistance. Therefore, in future studies, it will be necessary to prepare water

splitting catalysts that can operate in the same electrolytic solution. For other fuel cells,

methanol oxidation and oxygen reduction reactions, the catalyst is the key influencing factor.

In order to exploit more mature catalysts as the cathode and anode, research based on the

requirement of practical applications need more attention.

1.7 Objectives

At present, the method of decomposing water into H2 and O2 can effectively solve

environmental problems. In general, the cost of its catalytic equipment and technology has not

yet reached the requirements for mass production. Additionally, H2 is flammable and

explosive, its storage represents also a big challenge. Therefore, the research on the

generation and storage of H2 is still the focus of academic research.

Through literature reports and research, it is found that the current research focus on

catalytic decomposition of water to H2 and O2 is mainly targeted on designing and preparing

low-cost, high-efficiency, pollution-free and highly stable catalysts or using PEC water

splitting. We have studied and improved the following aspects: (1) Loading an appropriate

amount of precious metal on the surface of a conductive carbon support. (2) Preparing
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effective non-noble metal materials transition-metal chalcogenides and oxide for both HER

and OER. (3) Enhancing H2 production from electrolyzed water using the phenomenon of

plasmon resonance.

Once the research on catalyzing the decomposition of water to produce H2 can be put

into practical application, it will fundamentally change the energy structure of the world.
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CHAPTER 2

The Ultimate Limit of Pt Electrocatalytic Activity in PtRu/Nitrogen- and Sulphur-co-

doped Crumbled Graphene in Acid and Alkaline Media

2.1 Introduction

Pt supported on carbon (Pt/C) is a widely used electrocatalyst for hydrogen evolution

reaction (HER), owing to its low overpotential and enhanced stability in harsh environment

[1-3]. Despite these favorable properties, the extremely high price and low natural abundance

have severely constrained Pt large-scale industrial application [4-6]. In order to make fuel

cells commercially viable, several strategies have been attempted through the reduction of Pt

amount or using non-noble metal electrocatalysts without sacrificing their performance. The

best performing non-noble metal electrocatalysts reported often contain a transition metal

cation such Fe [7-8], Co [9- 10] or Ni [11-12]. Unfortunately, their Tafel slopes (thus kinetics)

and overpotential values are still higher than those of common Pt-based catalysts for HER and

methanol oxidation reaction (MOR). To achieve low Tafel slopes and small overpotentials,

high loadings of these non-precious catalysts are required [13], preventing their widespread

usage in fuel cells.

Reduction of Pt amount while preserving the electrocatalytic efficiency is another viable

alternative. Over the past decade, countless attempts have been devoted to research for the

reduction of the amount of Pt, which in turn allows reducing the cost [14]. From the literature

survey, Pt alloy catalysts are well adapted to reach this goal, owing to their dramatic

enhancement of the electrocatalytic properties and stability, as compared to single element Pt

catalyst. Li et al. demonstrated that Pt-Zn nanowires are suitable for methanol and formic acid

electrooxidation [15]. Birss et al. synthesized Ircore@Ptshell nanostructures with controlled Pt

shell coverages for enhanced MOR and found that the Ircore enhances the activity of the Ptshell
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primarily through the bifunctional effect [16]. Liu et al. prepared controlled Pt monolayer

catalyst on complex 3D structures for superior HER [17-19]. In general, in most of these

methods, a similar strategy was adopted, consisting of Pt loading onto large specific surface

area materials and highly dispersible nanomaterials with the aim to reduce the Pt amount [20-

24]. However, these approaches need strict technical requirements and are often associated

with expensive production costs. Additionally, the low stability of these catalysts also restricts

their performance for fuel cell applications, because this could eventually lead to a substantial

catalytic activity loss, meaning that these catalysts need to be replaced soon upon their

utilization. In order to increase the efficiency, the electrocatalyst should exhibit good stability,

high activity, and low cost.

In this study, we describe the synthesis of high-performance Pt-Ruthenium (Ru)

nanoparticles loaded on PF (sulphur- and nitrogen-co-doped crumbled graphene derived from

polyethylenedioxythiophene with trace amount of Fe) [25]. These catalysts have several

merits as the amount of Pt used was reduced to a minimum, and Ru being relatively cheap (~

4% the price of Pt) and displaying a comparable bond strength as Pt for hydrogen. PF was

investigated as the support owing to its corrosion resistance and high surface area (Figure 1).

Interestingly, the PtRu2/PF catalyst, with a small amount of Pt, displayed improved

performance than the catalyst with higher Pt loading (Pt2Ru/PF) for catalyzing HER and

MOR under acidic conditions. Additionally, the catalyst also had an excellent performance for

oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) in alkaline media

compared to many reported noble-metal catalysts.
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Figure 1. Fabrication process of Pt and Ru nanoparticles supported on PF electrocatalysts.

2.2 Experimental section

2.2.1 Synthesis of sulphur- and nitrogen-co-doped crumbled graphene (PF)

Briefly, 2 mL of ethylenedioxythiophene (EDOT) monomer were dissolved in 80 mL of 1

M hydrochloric acid (HCl) solution using 1 g of cetyltrimethylammonium bromide (CTAB)

surfactant at room temperature. A solution of 5 g of ammonium persulfate [(NH4)2S2O8] in 20

mL of 1 M HCl was added dropwise to the EDOT solution, followed by the addition of 9.1 g

of iron chloride hexahydrate (FeCl3•6H2O) solution in 20 mL of 1 M HCl solution. The

resulting mixture was kept under constant stirring for a period of 24 h. The suspension

containing the polymer and transition metal salt was dried at 80 oC with stirring. This product

is termed as PEDOT-Fe. The PEDOT-Fe was annealed for 1 h at 900 oC in an argon

atmosphere for the carbonization. The resulting black powder was dispersed in 0.5 M H2SO4

and stirred at 80 oC for 8 h. The acid-washed sample was further annealed at 900 oC for 1 h in

argon atmosphere to yield the final product. The product, named as PF, represents the

annealed PEDOT-Fe.

2.2.2 Synthesis and characterization of PtmRun/PF electrocatalysts

A mixture of n mg of ruthenium (III) chloride (RuCl3) (n=30, 20, 15, 0), m mg of

potassium tetrachloroplatinate (II) (K2PtCl4) (m=0, 10, 15, 30), 60 mg of PF, 36 mL of DMF,
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and 9 mL of methanol was heated for 15 h at 160 °C. The products (using the original mass

ratio of K2PtCl4 and RuCl3 named as PtmRun/PF) were collected and dried at 60 °C for

overnight.

2.2.3 Electrochemical measurements

The electrocatalytic activity was assessed in a three-electrode system using an

electrochemical workstation (Solartron, France). The Ag/AgCl electrode was used as the

reference, graphene rod as the counter electrode, and a modified glassy electrode (GC) as the

working electrode. The working electrode was prepared as follows: (1) 1 mg of PtmRun/PF

sample and 80 μL of a Nafion solution (5 wt.%) were dispersed in 1 mL MQ water using

sonication for 1 h to form a homogeneous ink, (2) 10 μL portion of the resulting solution was

drop casted onto a GC electrode (3 mm in diameter) by a microliter syringe and dried at room

temperature. The potential was calibrated to a reversible hydrogen electrode (RHE). The

measured potentials were converted to that relative to the reversible hydrogen electrode (RHE)

according to ERHE = EAg/AgCl + 0.059 *pH + E°Ag/AgCl, with E°Ag/AgCl = 0.2046 V (25°C).

2.3 Results and discussion

2.3.1 Surface analysis of PtRu2/PF

Scanning electron microscopy (SEM) was applied to analyze the microstructure of PF and

PtRu2/PF samples. Figure 2A displays the SEM image of PF, exhibiting a highly porous

nature of the material. It consists of nanoflakes of graphene sheets assembled in an

interconnected fashion, leading to the establishment of open pores in the matrix. After

deposition of Pt and Ru, no obvious change of the surface morphology of PF can be seen.

This is most likely ascribed to the small size of Pt and Ru particles (Fig. 2B). At the same

time, small amounts of Pt and Ru are loaded onto the surface of PF substrate or intercalated

between PF layers.
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Figure 2. Typical SEM images of (A) PF and (B) PtRu2/PF. (C) TEM image and (D)

HRTEM of PtRu2/PF. (E) HAADF-STEM image of PtRu2/PF. (F-K) the corresponding EDX

maps of (F) C, (G) N, (H) S, (I) Fe, (J) Ru and (K) Pt obtained from the region in (E).

Additionally, the edges of graphene sheets from the PF were further observed from

the transmission electron microscopy (TEM) images.Figure 2C depicts the high-resolution

TEM image of PtRu2/PF. It shows a uniform structure consisting of thin graphene sheets, and

not many large particles are found. Small nanoparticles (2-3 nm) of Ru and Pt can be easily

identified with lattice spacings of 0.205, 0.211 and 0.226 nm, which are consistent with the

(101) and (002) facets of the Ru0 crystal (PDF 06-0663) and the (111) facet of the Pt0 crystal

(PDF 87-0646), respectively (Fig. 2D). Figure 2E shows a transparent graphene sheet

structure, implying that no large particles were formed under these experimental conditions.
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Furthermore, energy-dispersive X-ray spectroscopy (EDX)mapping was performed to study

the distribution of the C, N, S, Fe, Ru and Pt elements in PtRu2/PF sample. All the mapping

images (Fig. 2F-K) present the same profile as that shown in the rectangular area (Fig. 2E),

indicating that these elements are homogeneously distributed on the PF surface. In addition,

the spots originating from Pt particles are fairly less as compared to Ru particles, and are

spread randomly throughout the PF, suggesting that the Pt content is lower than that of Ru,

and Ru and Pt are finely dispersed (Fig. 2J and 2K).

2.3.2 Structural analysis of PtRu2/PF

Figure 3A depicts the X-ray diffraction (XRD) patterns of PF and PtRu2/PF

electrocatalyst. The XRD pattern of PF depicts a broad peak at 25.3° ascribed to the (002)

plane of graphitic carbon, and a relatively weak diffraction peak at 44.1° assigned to the (101)

plane, in good agreement with earlier report [26].The XRD pattern of PtRu2/PF reveals the

presence of an intense and large peak located at ~25.3° assigned to C (002), and another broad

peak between 38° ~ 46° corresponding to an overlap of Ru (100) (38.4°), Ru (002) (42.2°), Ru

(101) (44.0°), Pt (111) (40.1°) and Pt (200) (45.38°) in PtRu2/PF (PDF 87-0646 for Pt and

PDF 06-0663 for Ru).This is due to the broadening of the main Ru peak, indicating that Ru

nanoparticles contain still much more crystallites than Pt.

The Raman spectra of both PF and PtRu2/PF display two bands at ~1340 and 1580 cm-1

(Fig. 3B) assigned respectively to the disorder-induced D band and the tangential mode G

band from PF.It was found that PtRu2/PF had a lower ID/IG (0.81) than PF (1.03), signifying

that PtRu2/PF has structural low defects.

X-ray photoelectron spectroscopy (XPS) analysis revealed the expected C, N, S, Ru and

Pt in PtRu2/PF composite (Fig. 3C). In Figure 3D, the high-resolution XPS spectrum of the

Pt4f of the catalyst showed doublet peaks at 71.8 and 75.2 eV, which can be deconvoluted into

two bands. The deconvoluted doublet bands at 71.2 and 74.6 eV, and 72.1 and 76.0 eV can be
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ascribed to the Pt0 and Pt2+, respectively [27]. In the C1s and Ru3d XPS core level spectrum

(Fig. 3E), the bands at 279.9 and 283.6 eV can be attributed to Ru3d5/2 and Ru3d3/2 of Ru(0),

respectively [28].The C1s peak can be deconvoluted into three peaks centered at 284.5, 286.1

and 287.6 eV, corresponding to the C=C/C-C, C-O and C=O bonds, respectively.The core

level XPS spectrum of the Ru3p can be curve-fitted with two bands at 461.4 and 483.8 eV,

respectively (Fig. 3F), confirming the metallic character of Ru(0) in PtRu2/PF nanocomposite

[29].

Figure 3. (A) XRD patterns, (B) Raman spectra of PF and PtRu2/PF, (C) XPS full scan and

core level spectra of (D) Pt 4f, (E) C 1s and Ru 3d, and (F) Ru 3p of PtRu2/PF.
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To further determine the Pt and Ru content in the PtRu2/PF sample, we performed

inductive coupled plasma emission spectrometry (ICP-AES) measurements. The results

confirmed the prevalence of Ru (72.4 mg/g) over Pt (28.3 mg/g) content in the PtRu2/PF

sample. The Ru/Pt mass ratio is ~2.6, which is slightly higher than the theoretical value of 2.

In addition, the average precious metal mass per square centimeter of the working electrode is

4.0 µg/cm2 for Pt and 10.4 µg/cm2 for Ru.

2.3.3 Electrocatalytic activity for HER

The electrocatalytic HER activity of the synthesized Pt-based catalysts (PF, Ru/PF,

PtRu2/PF, PtRu/PF, Pt/PF and 20% Pt/C) was tested in H2SO4 (0.5 M) aqueous solution using

linear sweep voltammetry (LSV) measurements (Figure 4A). For comparison to the literature,

the measured potentials were converted to that relative to the reversible hydrogen electrode

(RHE) according to equation:

(1)

pH=0 and E°Ag/AgCl= 0.2046 (25°C)

From the first sight, it seems that the investigated catalysts are very effective for hydrogen

evolution. This is clear from their low HER onset potential (EHER, the potential at which the

current starts to rise and a reaction starts taking place) values in Table 1 and steep cathode

polarization curves beyond EHER. The results identified that the PtRu2/PF, PtRu/PF, Pt/PF and

20% Pt/C catalysts exhibited low EHER values, all around -0.02 VRHE, and high cathode

currents beyond EHER. These findings revealed the ability of these catalysts to generate

significant amount of hydrogen gas at low overpotentials, thus reflecting their high catalytic

HER activity. On the contrary, Ru/PF and PF exhibited inferior catalytic activity for the HER,

as they recorded significantly higher EHER, namely -0.06 and -0.16 VRHE, respectively.

Moreover, by comparing the current density changes at any applied overpotential, the

PtRu2/PF exhibited clear advantages over the potential range from 0.05 to -0.30 VRHE. For
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instance, the PtRu2/PF catalyst achieved a current density of -76 mA·cm-2 at E = -0.2 VRHE,

higher than that derived from the PtRu/PF catalyst (-57 mA·cm-2) at the same overpotential.

The current densities from other catalysts, namely PF, Ru/PF, Pt/PF and 20% Pt/C are

markedly much smaller: -0.5, -13, -33 and -35 mA·cm-2, respectively. At any given current

density, the overpotential was shifted toward less negative values (active direction), following

the sequence: Ru/PF > Pt/PF > 20% Pt/C ≥ PtRu/PF ≥ PtRu2/PF. The overpotential necessary

to achieve a current density of -10 mA·cm-2 (η10), an important electrochemical parameter to

evaluate and compare the HER performance of electrocatalysts [30], was determined for all

investigated materials. For instance, PtRu2/PF recorded the least η10 value (101 mV) among

other studied catalysts i.e. PtRu/PF, Pt/PF, Ru/PF and 20% Pt/C. This anodic shift in EHER

refers generally to accelerated HER kinetics at low overpotential [31]. Therefore, the results

confirmed the superior HER activity of the PtRu2/PF catalyst.

The active drift in EHER is also translated into increased exchange current density (Jo), i.e.,

enhanced HER kinetics [32]. This is clear from Table 1; the promising catalytic activity of

PtRu2/PF catalyst is also confirmed, as it recorded the highest Jo value among the tested

catalysts.

Table 1. Comparison of Pt HER electrocatalysts in 0.5 M H2SO4 solution.

Catalysts Onset potential

(mV)

Overpotential

(mV)

(J=-10 mA/cm2)

Tafel slope

(mV dec-1)

Exchange

current density

-log10j0/(A cm-2)

PF -160 -486 340 3.22

Ru/PF -60 -87 64 2.90

PtRu2/PF -10 -22 30 2.81

PtRu/PF -10 -22 30 2.81

Pt/PF -15 -31 32 2.82
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Commercial Pt/C -12 -30 31 2.81

Figure 4. Electrochemical characterization. (A) HER polarization curves, scan rate = 20 mV

s-1, (B) Tafel plots, and (C) EIS Nyquist plots of Ru/PF, PtRu2/PF, PtRu/PF, Pt/PF, and 20%

Pt/C in 0.5 M H2SO4 aqueous solution; the inset is the equivalent circuit, (D) HER stability

test of PtRu2/PF at J= -10 mA/cm2 in H2SO4 (0.5 M) aqueous solution.

The Tafel slope (βc), calculated by fitting the linear segments of the Tafel plots, gives a

good measure of the intrinsic properties of electrocatalytic materials [33]. As shown in Figure

4B, Pt/PF and Ru/PF catalysts recorded βc values of 32 and 64 mV dec-1, respectively, which

are very close to those reported for Pt/C (30 mV dec-1) and Ru/MeOH/THF (46 mV dec-1),

respectively [34]. In contrast, a high βc value of 340 mV dec-1was measured for PF, revealing
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its inferior catalytic activity. For PtRu2/PF and PtRu/PF catalysts, the measured βc values are

around 30 mV dec-1, signifying much improved HER activity, as lower βc values reveal

increased number of catalytically active sites [35].

The overall HER reaction mechanism in acidic media could occur through a discharge

step (Volmer-reaction, 120 mV dec-1), followed by ion or atom reaction (Heyrovsky reaction,

40 mV dec-1) or a combination reaction (Tafel reaction, 30 mV dec-1) [36]. It was proposed

that, at a very high surface coverage of adsorbed hydrogen (Hads), the HER on the Pt surface is

controlled by the Volmer-Tafel mechanism, with the recombination step being the slowest

(rate-determining) step, as evidenced from the recorded Tafel slope (30 mV dec-1) [37]. Based

on this, the small Tafel slope (~ 30 mV dec-1) recorded for PtRu2/PF and PtRu/PF catalysts

suggests a HER mechanism similar to that occurred on Pt.

Figure 5. Bode (A) impedance modulus |Z| and (B) phase angle  plots of Pt/PF, Ru/PF,

PtRu/PF and PtRu2/PF electrodes. Measurements were carried out at a stationary potential

with a perturbation amplitude of 0.1 V in the 100 kHz - 0.1 Hz frequency range.

The Electrochemical Impedance Spectroscopy (EIS) studies corroborate previously

presented results (Figure 5). The Bode plots (Figure 5A, B) revealed the presence of two
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relaxation times. The total impedance |Z| remains the smallest for analyzed Ru-enriched

materials, with negligible differences between PtRu/PF and PtRu2/PF samples. On the other

hand, its value is nearly an order of magnitude higher for Pt/PF sample at a wide frequency

range. Both PtRu/PF and PtRu2/PF electrodes demonstrate the decrease of the phase angle and

its shift into higher frequency range as compared to Pt/PF electrode, testifying the enhanced

electron transfer kinetics. In addition, the charge transfer kinetics appears to be the most

sluggish through the Ru/Pt electrode. Similar characteristics are often seen when studying the

catalysts at increased overpotentials [38,39].

The Nyquist plots in Figure 4C confirm the above conclusions. The high frequency

semicircle present on the analyzed spectra reflects the charge transfer process of hydrogen

evolution reaction [39,40]. The inclined line, at low frequencies, indicates the electron

diffusion behavior on the electrode interface, representative of a diffusion-controlled process

[41-43]. The value of the charge transfer resistance Rct was determined to be ~15 and 20

/cm2 for PtRu/PF and PtRu2/PF electrodes, respectively [44]. For comparison, the Rct of Ru-

free Pt/PF electrode is roughly 800  /cm2. The significant decrease of the charge transfer

resistance as a result of Ru incorporation testifies the faster reaction rates and the enhanced

electrocatalytic properties of the material. The enhanced activity towards HER resulting from

Ru incorporation was also reported in previous studies [45]. The reduced Rct of PtRu2/PF and

PtRu/PF may be explained by the interaction and synergy of the two metals. The better

electron transfer ability of PtRu2/PF and PtRu/PF are also expected to contribute to their

enhanced HER catalytic activity [46].

The stability is an important feature for the HER catalysts. Therefore, the stability of

PtRu2/PF and 20% Pt/C catalysts was assessed at a controlled current density (J = -10 mA·cm-

2) for 15 h in H2SO4 (0.5 M) aqueous solution (Fig. 4D); the overpotential of the PtRu2/PF
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catalyst was more stable than that of 20% Pt/C under our experimental conditions, suggesting

its good stability [17, 21].

The electrochemical active surface area (ECSA) of these catalysts was estimated from

cyclic voltammetry (CV) measurements, conducted in H2SO4 (0.5 M) aqueous solution at

various potential scan rates (ca. 30 - 80 mV s-1) from 0.15 to 0.45 V vs. RHE (Figure 6 A-E).

The CVs display a pseudo-rectangular shape without any apparent Faradic processes.

Figure 6. Cyclic voltammograms of (A) PF, (B) Ru/PF, (C) PtRu2/PF, (D) PtRu/PF and (E)

Pt/PF in the 0.15 ~ 0.45 V potential range vs. RHE. (F) Double-layer charging currents of PF,

Ru/PF, PtRu2/PF, PtRu/PF, Pt/PF recorded at 0.10 V at various scan rates (30 ~ 80 mV s-1) in

0.5 M H2SO4.
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The current density values, determined at 0.10 V (vs SCE) from the CV, were then

plotted as a function of the scan rate. From the results in Figure 6F, the Cdl of PtRu2/PF and

PtRu/PF were determined to be as 38 and 37 mF cm-2, larger than the other catalysts: Pt/PF

(24 mF cm-2), Ru/PF (16 mF cm-2) and PF (8 mF cm-2). A higher Cdl value correlates with

more exposed active sites, which is favorable for electrochemical processes. From the above

results, we can conclude that PtRu2/PF exhibits more active sites than PtRu/PF [47].

The values of Cdl were inserted in Eq. (2) to calculate the ECSA values [48]:

(2)

Cs is the electrode's specific capacitance with a flat standard surface area of 1.0 cm-2, typically

between 20 and 60 μF cm-2 [48]. Using 40 μF cm-2 as the average capacitance value for the

flat electrode, ECSA values of 200, 400, 600, 925, and 950 cm-2 were determined for PF,

Ru/PF, Pt/PF, PtRu/PF, and PtRu2/PF, respectively.

2.3.4 Active sites density calculations

Figure 7 depicts typical cyclic voltammetry measurements for PF, Ru/PF, Pt/PF, PtRu/PF,

and PtRu2/PF catalysts conducted in 0.5 M H2SO4 aqueous solution at a scan rate of 100 mV

s-1 at room temperature. The number of active sites (n) in PtRu/PF and PtRu2/PF catalysts was

calculated from such measurements, using Eq. (3) [49]:

(3)

NA = 6.022 × 1023 mol−1 is the Avogadro’s number, the number 2 is the stoichiometric

number of electrons consumed during the HER reaction, and F is the Faraday constant (96485

C/mol). Q is the net voltammetry charge of the catalyst, estimated by subtracting charges

resulting from the bare PF electrode (the black cyclic voltammogram in Figure 5). Q values

of 4.05 × 10-2 and 5.8 × 10-2 C were recorded for PtRu/PF and PtRu2/PF catalysts,

respectively. Inserting such Q values into Eq. (3) gives n values of 1.26 × 1017 and 1.81 × 1017

Ru sites per cm2, respectively.
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Figure 7. Cyclic voltammograms of the synthesized catalysts acquired in the 0.15 ~ 0.45 V

potential range vs. RHE in 0.5 M H2SO4 aqueous solution; scan rate=100 mV s-1 at room

temperature.

The averaged area (Aaverage) to find one Ru center (cm2 per site) can be calculated by

dividing the PtRu/PF and PtRu2/PF catalysts’ ECSA values by the value of n (Ru sites per

cm2). This gives Aaverage values of 7.34×10-15 and 5.25×10-15 cm2 per Ru for PtRu/PF and

PtRu2/PF, respectively. The reciprocal of Aaverage per site gives the active sites density (sites /

cm2) [50]. Based on this, active sites density values of 1.36×1013 and 1.9×1014 sites/cm2 were

estimated for PtRu/PF and PtRu2/PF, respectively. Following the same sequence of

calculations for the two catalysts with the individual active materials, namely Ru/PF and

Pt/PF (where Q values of 0.88×10-3 and 1.36×10-3 C were recorded for Ru/PF and Pt/PF,

respectively) gave active sites density values of 6.89×1011 and 7.04×1012 sites/cm2,

respectively. These results provide an additional evidence for the effective catalytic impact of

Ru in the PtRu/PF catalyst, which further enhanced with increasing Ru content, as in the

PtRu2/PF catalyst which exhibited the best catalytic performance amongst the prepared

electrocatalysts.
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2.3.5 Direct methanol oxidation

Direct methanol fuel cells (DMFCs) are efficient energy conversion systems operating at

ambient temperature. As methanol oxidation reaction (MOR) is the common anode reaction in

DMFCs, the design of highly efficient catalysts for MOR is very important to achieve high

energy/power density fuel cells. Figure 8 shows the MOR catalytic activity of the developed

catalysts acquired in H2SO4 (0.5 M) aqueous solution + CH3OH (0.5 M) at a sweep rate of 20

mV s-1. In the anodic polarization, the MOR should display two evident oxidation peaks: one

is ascribed to methanol oxidation at higher potential (If), and another one assigned to

carbonaceous species oxidation at lower potential (Ib). The MOR peak current density of

PtRu2/PF catalyst was found to be 35 mA/cm2, which is higher than that of PtRu/PF catalyst

(32 mA/cm2) with more Pt content (Figure 8A). The higher If/Ib ratio correlates with

methanol effective oxidation into CO2 during the forward potential scan, generating limited

amount of poisoning species. The PtRu2/PF catalyst has an appreciable If/Ib ratio of 2.4, which

is larger than that of the standard 20% Pt/C (2.1) catalyst.

Evaluation of the current density change with continuous potential cycling further

confirmed the excellent stability of the PtRu2/PF catalyst. Figure 8B displays the long-term

accelerated durability test of the PtRu2/PF catalyst under continuous potential cycling (scan

rate = 100 mV s-1). The CVs, recorded after 500 and 1000 potential cycles, clearly indicate

that there is no apparent loss in the current density up to 1000 potential cycles for PtRu2/PF

catalyst. The excellent long-term catalytic stability was also confirmed by the

chronoamperometry test at +0.72 V vs. SCE for 6 h (inset Figure 8B). The inset showed a

current density retention of 95.8% after 2 h, which slightly decreased to ~91% after 6 h.
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Figure 8. Electrocatalytic performance of the prepared PtRu2/PF, PtRu/PF, Ru/PF, Pt/PF, and

commercial 20% Pt/C catalysts. (A) CV curves acquired in H2SO4 (0.5 M) + CH3OH (0.5 M)

solution, sweep rate=20 mV s-1. (B) CVs of the PtRu2/PF catalyst before and after 500 and

1000 potential cycles, sweep rate=100 mV s-1; the inset is the chronoamperometry (CA) curve

measured in H2SO4 (0.5 M) + CH3OH (0.5 M) at +0.72 V vs. SCE for 6 h. (C) Mass activity

plots for PtRu2/PF and 20% Pt/C with respect to the loading of the active metal Pt. (D)

Comparison of mass activities of MOR for Pt-based catalysts [51-57].

Figure 8C reveals that the PtRu2/PF catalyst had a peak mass activity of 2327 A/g (for the

loading noble metal mass Ru and Pt), which is ~ 3.2 times larger than that of the commercial

20% Pt/C catalyst. Meanwhile, the forward scanning peak potential toward methanol

oxidation of the PtRu2/PF (+0.72 V) is lower than that of commercial 20% Pt/C (+0.76 V)



- 92 -

catalyst, which further indicates that PtRu2/PF is capable to efficiently decrease the

overpotential of methanol oxidation. More importantly, the onset potential of PtRu2/PF (0.21

V), is obviously much lower than that of commercial 20% Pt/C catalyst (0.32 V), indicating

its suitability for methanol electro-oxidation.

Figure 8D compares the MOR activity of PtRu2/PF catalyst with respect to other Pt-based

MOR benchmark catalysts [51-57]. The PtRu2/PF catalyst exhibits the highest current value

even though most of these electrocatalysts are known to display high loading amounts or large

surface areas. The results clearly highlight the favorable features of PtRu2/PF catalyst for

MOR.

2.3.6 OER and ORR tests

Oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) are also the key

processes in electrochemical energy storage and energy conversion applications. In this line,

the electrocatalytic performance of PtRu2/PF catalyst was investigated for OER in KOH (1.0

M) aqueous solution. Figure 9A depicts the LSV curves of Ru/PF, PtRu2/PF, PtRu/PF, Pt/PF

and commercial 20% Pt/C catalysts at 5 mV s-1. In a comparison with Ru/PF (305 mV), Pt/PF

(390 mV), and RuO2 (280 mV) catalysts at 10 mA cm-2, PtPtRu/PF and PtPtRu2/PF catalysts

achieved enhanced OER activity with overpotential values close to 270 mV at the same

current density. These results reveal the promising OER catalytic performance of PtPtRu/PF

and PtPtRu2/PF catalysts thus, highlighting the effective catalytic influence of Ru on the OER

too. According to the literature, the OER mechanism in alkaline electrolytes over a

catalytically active site (S*) can be represented by Eqs. 4-7 [58].

OH- + S* → S*OH + e- (4)

S*OH + OH- → S*O- + H2O (5)

S*O- → S*O + e- (6)
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S*O + S*O → S* + S* + O2 (7)

OH adsorption on S* is found to play a fundamental role in enhancing the OER kinetics [M1].

Such catalytically active site (S*) is proven to accelerate the adsorption and desorption of the

OH  anions [58]. Electrochemical characterizations shown above revealed the efficacious

catalytic role of Ru in the PtRu/PF catalyst, which further enhanced with increase in Ru

content, in accelerating the OER kinetics. Based on this, the Ru atoms in the PtRu/PF catalyst

are expected to act as active catalytic sites for the OER via hastening the adsorption and

desorption of the OH- anions. This, in turn, boosts the kinetics of the OER, resulting in

reduced Tafel slopes values [58]. PtRu/PF and PtRu2/PF catalysts recorded reduced Tafel

slope values of 79 mV dec-1. This value is very close to that measured here for the OER state-

of-the-art electrocatalyst, namely RuO2 (78 mV dec-1), suggesting fast OER kinetics on

PtRu/PF and PtRu2/PF catalysts (Fig. 9B).

The PtRu/PF and PtRu2/PF catalysts’ OER mass activities were also calculated to further

confirm their outstanding catalytic performance compared with the other tested

electrocatalysts. Mass activity of the OER is given by the ratio j/c, where j is the current

density produced at a specific potential and c is the catalyst loading density on the GC

electrode, 0.143 × 10-3 g cm2. Pt/PF, Ru/PF, PtRu/PF, and PtRu2/PF catalysts generated an

anodic current density of 0.057, 0.094, 0.16, 0.18 A cm  2 at 1.8 V vs. RHE, respectively.

Based on this, OER mass activities of 398.6, 657.3, 1119, and 1259 A g1 were calculated for

Pt/PF, Ru/PF, PtRu/PF, and PtRu2/PF catalysts, respectively. The PtRu/PF, and PtRu2/PF

catalysts’s mass activities (1119, and 1259 A g1 @ 1.8 V vs. RHE) exceeded that of the state-

of-the-art RuO2 catalyst (807 A g 1, with 0.115 A cm  2 generated @ 1.8 V vs. RHE), thus

confirming the outstanding catalytic activity of the PtRu/PF, and PtRu2/PF catalysts for the

OER.



- 94 -

Figure 9. (A) OER polarization curves of Ru/PF, PtRu2/PF, PtRu/PF, Pt/PF, and commercial

20% Pt/C catalysts. (B) The corresponding Tafel plots calculated from LSV curves in (A). (C)

ORR polarization curves of different catalysts with RDE speed =1600 rpm in O2-saturated

KOH (0.1 M) solution, scan rate =20 mV s-1. (D) RDE polarization curves for ORR on

PtRu2/PF in O2-saturated KOH (0.1 M), n=20 mV s-1. (E) K-L plots for ORR in KOH (0.1 M);

the inset shows the potential dependence of n. (F) Comparison of the onset potential and

current density values of recent reports in KOH (0.1 M) aqueous solution.
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The LSV measurements are also conducted in O2-saturated 0.1 M KOH electrolyte

without rotation at a sweeping rate of 20 mV s-1 (Figure 9C). The PtRu2/PF displayed the

highest current intensity and onset potential among all the catalysts. The onset potential (Eonset)

is regarded as the potential recorded at a current density of -1 mA cm-2 in the LSV. The Eonset

of PtRu2/PF (0.96 V) is positive than those of PtRu/PF (0.93 V), Pt/PF catalyst (0.92 V), 20%

Pt/C (0.94 V), and Ru/PF (0.91 V) vs. RHE.

Furthermore, we performed the rotating disk electrode (RDE) polarization curves of the

PtRu2/PF catalyst in 0.1 M KOH to gain more insights about the ORR kinetics and catalytic

mechanism in alkaline medium from 400-2000 rpm (Figure 9D). The limit current density

increases from 3.4 to 7.7 mA·cm-2 as the rotating speed was varied from 400 to 2000 rpm; it

is well established that the high speeds shorten the O2 diffusion distance in the O2-saturated

electrolyte. The corresponding Koutecky-Levich (K-L) plots (Figure 9E) within the 0.2 to 0.6

V potential range vs. RHE display good linearity, which confirms first-order reaction kinetics,

and the number of electrons transferred (n) during the reaction are the same at different

potentials. Additionally, the value of n is 3.9 ~ 4.1 over the investigated potential window,

suggesting that the PtRu2/PF catalyst follows the 4 electrons-transfer pathway, which

corresponds to a complete reduction of oxygen into water and only little peroxide is formed.

Figure 9F summarizes the ORR [59-66] kinetic data of recent electrodes in 0.1 M KOH

alkaline solution. It is obvious that PtRu2/PF electrode represents one of the most active

electrocatalysts even though most of these noble metal electrocatalysts consist of

nanomaterials with high loading amounts, and display large surface areas.

2.4 Conclusion

We have successfully assessed the ultimate limit of Pt in PtRu/PF catalysts via a facile

hydrothermal approach. The high dispersibility and bimetallic synergy make the PtRu2/PF

catalyst have an outstanding HER and MOR electrocatalytic activity in acid conditions,
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considerably better than those reported using a regular Pt-based and commercial 20% Pt/C

catalysts. Furthermore, the PtRu2/PF displayed excellent ORR performance with an onset

potential of 0.96 V vs. RHE, and a limit current density of 6.5 mA·cm-2, which is better than

that of commercial 20% Pt/C (5.3 mA·cm-2). Additionally, the PtRu2/PF also has a superior

OER activity. Given that Pt is the most commonly investigated catalyst for many catalytic

applications, the results obtained in the present study provide an interesting alternative route

to prepare Pt-based catalysts with minimal Pt loading and enhanced electrocatalytic activity.

This holds promise for the development of highly efficient and cost-effective electrocatalysts

for various electrocatalytic applications.
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CHAPTER 3

CoO Promoted the Catalytic Activity of Nitrogen-Doped MoS2 Supported on Carbon

Fibers for Overall Water Splitting

3.1 Introduction

Electrochemical water splitting represents one the most relevant technologies to meet the

increased global demand for clean and sustainable energy [1-3]. Electrocatalytic systems for

effective water splitting typically explore the outstanding catalytic properties of noble metals

(Pt, Ir and Ru) to accelerate the two half reactions of the water-splitting process, i.e., the

hydrogen evolution reaction (HER) at the cathode and the oxygen evolution reaction (OER) at

the anode, due to the sluggish kinetics of both processes [4-6]. However, the availability and

high cost of these noble metals inhibit their application in commercial processes. Therefore,

there is a continuous quest for innovative approaches for the preparation of highly efficient

and stable electrocatalysts using low cost and earth-abundant materials [7-9].

In the last decades, non-noble metal materials including transition-metal chalcogenides

[10-12], phosphides [13-15], carbides [16, 17] and complexes as well as metal alloys [18]

have proven to be promising alternatives to precious metals-based electrocatalysts. The

ongoing research efforts are currently focused on the design of highly efficient OER or HER

electrocatalysts with the aim to accelerate the two half reactions of the water-splitting process,

or coupling existing HER and OER electrocatalysts that can operate in the same electrolytic

composition for overall water splitting [15, 19]. From the practical viewpoint, the

development of bifunctional electrocatalysts for overall water splitting represents one of the

most technologically relevant strategies. However, to simultaneously create active sites for

HER and OER on a single catalyst encounters still serious challenges.
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Recently, many reports highlighted the outstanding HER activity of chalcogenides of W

[20], Mo [21], Co [22], and Ni [23] electrocatalysts, owing to their enhanced electrical

conductivity compared to other materials. Particularly, nanosized MoS2-based electrocatalysts

have generated huge attention, owing to their two-dimensional permeable ion transportation

channels and enhanced electrocatalytic activity [24]. The Mo and S atoms in MoS2 have

strong ionic bonding, with the different layers of MoS2 interacting via van der Waals forces

[25]. It is now well-established that layered MoS2 is a good HER electrocatalyst, but exhibits

a very poor OER activity, which inhibits its usage as a bifunctional electrocatalyst for overall

water splitting [26].

Recent studies have underlined the importance of Fe, Co, Ni element doping into MoS2 to

tune its electronic structure, improve its electrical conductivity and decrease the hydrogen

adsorption free energy for HER [27-29]. However, most of these related reports have

primarily focused on the enhancement of MoS2 HER activity, while ignoring its OER activity.

Additionally, both theoretical and experimental investigations revealed the direct correlation

of the MoS2 HER activity with the number of unsaturated Mo-S sites along the edges [30].

Thus, one of the main techniques for achieving high HER activity of MoS2 consists of

increasing the maximum number of exposed edge sites and enhancing the intrinsic activity of

the edge sites by chemical doping.

In this work, we adopted an original approach to develop a bifunctional MoS2-based

electrocatalyst for overall water splitting. To enhance the HER activity, the inert basal plane

of 2D MoS2 was activated via chemical doping with nitrogen. The nitrogen-doped MoS2

electrocatalyst supported on carbon fibers (N-MoS2/CF) possessed improved hydrogen

evolution than the non-doped MoS2/CF [31]. The cobalt (Co)-based compounds are

considered as promising candidates because of their high intrinsic catalytic activity, low-cost,

earth abundance, and environmentally friendly nature. Particularly, cobalt oxides are
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generally employed as one of the most promising anode materials due to their high theoretical

capacity, easy fabrication, recyclability, and high stability. Furthermore, to improve the OER

activity of N-MoS2 additional coupling with CoO was performed. CoO hybridization with N-

doped MoS2 generated additional OER active sites, ensuring bifunctional activity needed for

overall water splitting. The CoO/N-MoS2 electrocatalyst supported on carbon fibers (CoO/N-

MoS2/CF) was synthesized by a facile hydrothermal method and electrochemical deposition

technique. The experimental results demonstrated that CoO/N-MoS2/CF exhibited enhanced

OER and HER activities in alkaline medium with good stability. The bifunctionality of

CoO/N-MoS2/CF was further exploited to perform water splitting. The alkaline electrolyzer

delivered a maximum current density of 53 mA cm-2 at an applied cell voltage of 1.5 V. These

results are promising for practical application of the developed electrocatalyst for overall

water splitting.

3.2 Experimental section

3.2.1 Preparation of N-MoS2/CF electrocatalyst

Typically, 0.27 g of Na2MoO4 and 1.5 g of thiourea were added to 35 mL of Milli-Q (MQ)

water under magnetic stirring for 1 h to form a homogeneous solution. And then 0.3, 0.5 or

0.8 g of ammonium fluoride was added to above solution, respectively (Figure 1). Before

MoS2 deposition, the carbon fiber (CF, 1 cm × 5 cm) was annealed for 30 min in air at 400 °C

to remove the organic binder on the fiber surface, followed by an activation step (boiling in

40% nitric acid solution) for 30 min. Then, the resulting CF was immersed in the above

solution, sonicated for 1 h, and subsequently transferred into a Teflon-lined stainless-steel

autoclave for hydrothermal treatment at 250 °C. After 24 h, the autoclave was cooled down to

room temperature and then the formed N-MoS2/CF was copiously rinsed with ethanol and

MQ water to remove excess reagents and dried at 60 °C overnight.



- 108 -

3.2.2 Preparation of CoO/N-MoS2/CF electrocatalyst.

CoO was electrochemically deposited on the N−MoS2/CF substrate using an aqueous

solution of 0.5 M H3BO3 and 1 M CoSO4 at -0.75 V versus Ag/AgCl for 10 min, followed by

an anodic oxidation at +0.2 V versus Ag/AgCl.

3.2.3 Preparation of MoS2/CF electrocatalyst.

Typically, 0.27 g of Na2MoO4 and 1.5 g of thiourea (without NH4F) were added to 35 mL

of distilled water under vigorous stirring for 1 h to form a homogeneous solution. Then, the

following steps are the same as for N-MoS2/CF electrocatalyst synthesis.

3.2.4 Preparation of CoO/CF electrocatalyst.

CoO was electrochemically deposited on the N-MoS2/CF substrate using an aqueous

solution of 0.5 M H3BO3 and 1 M CoSO4 at -0.75 V vs. Ag/AgCl for 10 min [32].

Subsequently, CoO/N-MoS2/CF electrocatalyst was oxidized by applying an anodic potential

of 0.2 V vs. Ag/AgCl for 2 min.

Figure 1. (A) HER polarization curves of different dosage of NH4F: 0.3g (black), 0.5 g (red)

and 0.8 g (blue). (B) OER polarization curves 0.3 g (black), 0.5 g (red) and 0.8 g (blue). (C)

Nyquist plots of the prepared electrocatalysts recorded over 100 kHz to 0.01 Hz frequency

range.
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3.2.5 Electrochemical measurements

Electrochemical measurements were performed with a ModuLab-MTS electrochemical

test station (Solartron, France) in a standard three-electrode system using the prepared

catalysts as the working electrode, Pt plate as the counter electrode and Ag/AgCl (3.5 M KCl)

electrode as the reference electrode. Linear sweep voltammetry (LSV) measurements were

performed in 1.0 M KOH at the scan rate of 50 mV s-1.

A two-electrode alkaline water electrolyzer was constructed using CoO/N-MoS2/CF as

both cathode and anode for full water splitting in 1.0 M KOH aqueous solution.

3.3 Results and discussion

3.3.1 Illustration of the CoO/N-MoS2/CF fabrication process

The fabrication process of CoO/N-MoS2/CF is schematically illustrated in Figure 2. Prior

to MoS2 deposition, the CF was activated through thermal annealing at 400 °C, followed by

chemical treatment in boiling HNO3 aqueous solution. This activation step is necessary not

only to remove organic impurities on the CF surface, but also to switch the wetting properties

from hydrophobic to hydrophilic through the generation of oxygen containing functional

groups. Hydrothermal process was used for coating N-doped MoS2 on the CF support,

followed by electrochemical deposition of CoO from a cobalt sulfate (CoSO4) precursor under

acidic conditions.

Figure 2. Illustration of the CoO/N-MoS2/CF fabrication process.
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3.3.2 Surface analysis of CoO/N-MoS2/CF

Figure 3A depicts an SEM micrograph of the carbon fiber (CF) at high magnification,

revealing a dense and smooth carbon network without apparent defects or particles on its

surface. MoS2 coating on CF is clearly evidenced by the presence of a dense sheet-like layer

(Figure 3B). After nitrogen doping and Co electrodeposition, the SEM images in Figure 3C

and 3D reveal that N-MoS2/CF and CoO/N-MoS2/CF have similar morphology, consisting of

intercrossed MoS2 nanoflakes covering homogeneously the CF support. The chemical

composition of CoO/N-MoS2/CF was assessed by energy-dispersive spectroscopy (EDS)

elemental mapping, Figure 4. The EDS spectrum comprises peaks ascribed to C, Mo, S, and

Co, while the EDS elemental mapping shows homogeneous distribution of these elements in

the material. It is worth to note that nitrogen was not detected using this technique because of

its low content (see XPS analysis below).

Figure 3: High magnification SEM micrographs of (A) CF, (B) MoS2/CF, (C) N-MoS2/CF (C)

and (D) CoO/N-MoS2 /CF.
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Figure 4. (A) SEM of CoO/N-MoS2/CF. (B) EDX spectrum recorded from (A). (C) EDS

mapping of Mo (C), (D) S, (E) Co, and (F) C.

Figure 5. (A) TEM image of CoO/N-MoS2/CF. (B) SAED image taken in (A). (C) HRTEM

image of CoO/N-MoS2/CF. (D-I) EDX elemental mapping images of a CoO/N-MoS2/CF,

indicating the homogeneous distribution of N, Mo, S, Co, O and C.
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Transmission electron microscopy (TEM, Figure 5A) images further showed a large

number of thin rogues-shaped MoS2 nanosheets. The interlayer spacing of 0.65, 0.27, 0.23

and 0.16 nm between the stripes of MoS2 can be observed from the SAED pattern (Figure

5B), which can be indexed respectively to the (002), (101), (103) and (110) planes of MoS2.

The HRTEM images of Figure 5C confirm that the surface of MoS2 was covered with no

particles. Moreover, the corresponding EDX mapping analyses indicate the homogeneous

distribution of N, Mo, S, Co, O and C (Figure D-I). The absence of diffraction peaks from

CoO suggests its amorphous nature.

3.3.3 Structural analysis of CoO/N-MoS2/CF

Figure 6A depicts the XRD patterns of the CF, N-MoS2/CF and CoO/N-MoS2/CF

electrocatalysts. The XRD pattern of the CF comprises a prominent diffraction peak at 26.1°

and a small contribution at 54.2° due to the (002) and (004) planes of carbon, respectively

(PDF card 81-2220). The XRD of N-MoS2/CF and CoO/N-MoS2/CF electrocatalysts display

diffraction peaks at 14.4°, 33.6°, 39.6° and 58.6°, which can be indexed respectively to the

(002), (101), (103) and (110) planes of MoS2 (JCPDS No. 73-1508) along with diffraction

peaks at 2θ of 26.1° and 54.2° ascribed to the (002) and (004) planes of carbon, respectively

(PDF card 81-2220). Although the diffraction peaks of both CF and MoS2 can be easily

distinguished on the XRD pattern of CoO/N-MoS2/CF, no obvious XRD signature was

observed for CoO, suggesting that CoO is amorphous in nature or its thickness is very low to

be detected under our experimental conditions.

The bonding characteristics of the prepared electrocatalysts are in addition identified by

Raman spectroscopy. Figure 6B displays the Raman spectra of N-MoS2/CF and CoO/N-

MoS2/CF. For both samples, the characteristic peaks of MoS2 with E2g1 (∼378 cm-1) and A1g

(∼401 cm-1) modes are observed, indicating the existence of MoS2 nanolayers. The peak at

280 cm-1 is identified as E1g mode associated with the octahedral coordination of Mo atoms in
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the 1T phase MoS2 [33]. The two scattering bands located at around 1340 and 1580 cm-1 are

ascribed to the disorder-induced D band and the tangential stretching G band mode,

respectively, characteristic of graphenic materials. Obviously, the D/G intensity ratio (ID/IG)

of the prepared CoO/N-MoS2/CF sample (0.61) is lower than that of N-MoS2/CF (0.87),

suggesting the reduction of the defects in the CoO/N-MoS2/CF electrode material.

Figure 6: (A) XRD patterns of the CF, N-MoS2/CF and CoO/N-MoS2/CF electrocatalysts. (B)

Raman spectra of N-MoS2/CF and CoO/N-MoS2/CF.

Figure 7. XPS survey spectrum of CoO/N-MoS2/CF.
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The chemical analysis and oxidation state of the different elements on the hierarchical

surface of CoO/N-MoS2/CF were assessed using X-ray photoelectron spectroscopy (XPS).

The XPS survey spectrum of Co/N-MoS2/CF comprises peaks due to C, O, Mo, S, N and Co

with atomic concentrations of 13.82, 31.24, 12.89, 18.37, 2.71 and 20.97 at%, respectively

(Figure 7). The high concentration of oxygen results most likely from carbon fiber oxidation

during its annealing/activation steps. Also, it is worth to notice the deviation of Mo/S ratio

(0.7) from 0.5 expected for a stoichiometric MoS2 product. This is partially due to nitrogen

doping of MoS2.

Figure 8: XPS analysis of the CoO/N-MoS2/CF. High-resolution XPS spectra of (A) N1s, (B)

S2p, (C) Mo3d, (D) Co2p.

Figure 8A depicts the core level XPS spectra of the Mo3p3/2 and N1s. The band at 394.5 eV

is attributed to Mo3p3/2, while the overlapped peak signal located at 398.9 eV originates from
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N-Mo bonds. The prominent N1s peak at 401.5 eV can be ascribed to graphitic nitrogen [34]

and N-O bonds [24]. Indeed, under the hydrothermal conditions, it is not excluded that the

carbon fiber is also partially doped with nitrogen. N-O most likely arises from nitrogen

oxidation under hydrothermal conditions. The S2p high resolution XPS spectrum comprises

two dominant doublet peaks at 161.2 and 162.4 eV, corresponding to the S2p3/2 and S2p1/2,

respectively (Figure 8B). The Mo3d high resolution spectrum (Figure 8C) can be fitted with

three components centered at 226.2, 229.2 and 232.4 eV due to S2s, Mo3d5/2 and Mo3d3/2 of

MoS2, respectively [26]. The core level XPS spectrum of Co2p is displayed in Figure 8D. The

spectrum contains two prominent peaks at 781.1 and 797.3 eV due to Co2p1/2 and Co2p3/2,

respectively and two shake-up satellite peaks (abbreviated as “Sat.”), indicating that Co exists

in +2 oxidation state in CoO [35].

3.3.4 CoO/N-MoS2/CF activity for HER and OER

The electrochemical behavior of the as-prepared electrocatalysts for HER was assessed in

1.0 M KOH aqueous solution using a three-electrode system. To reflect the sole contribution

from the electrocatalyst, the polarization curves have been I-R corrected to avoid interference

caused by ohmic losses from wiring, substrate and electrolyte. Interestingly, intercalation of

CoO nanomaterial into N-MoS2/CF improved significantly the HER activity of MoS2 (i.e., N-

MoS2/CF vs. CoO/N-MoS2/CF). Figure 9A depicts the linear sweep voltammograms (LSV)

recorded in a N2-purged 1.0 M KOH aqueous solution of the different electrocatalysts, namely

CF, CoO/CF, MoS2/CF, N-MoS2/CF, CoO/N-MoS2/CF and Pt plate. The CoO/N-MoS2/CF

and Pt electrocatalysts achieved a current density of 10 mA cm-2 respectively at a low

overpotential of 78 and 52 mV for HER, largely improved compared to CF (550 mV),

CoO/CF (310 mV), MoS2/CF (220 mV) and N-MoS2/CF (130 mV), suggesting that the

CoO/N-MoS2/CF electrode has superior catalytic activity. The comparison reveals that CoO

hybridization with N-MoS2 is the key element in the improvement of the HER activity.
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The Tafel slope reflects the intrinsic properties of electrocatalyst materials [3], with

smaller Tafel slope values indicate faster kinetics for efficient HER. From the data in Figure

9B, CoO/N-MoS2/CF electrode displays a Tafel slope of 71 mV dec-1. This value is somehow

larger than 40 mV dec-1, the theoretical value at which the Volmer-Heyrovsky reaction

pathway takes place, where hydrogen desorption is the rate-limiting step. Additionally, the

Tafel slopes of N-MoS2/CF, MoS2/CF, and CoO/CF are also determined from the LSV curves

for comparison. Higher values of 93, 112, to 150 mV dec-1 are calculated for N-MoS2/CF,

MoS2/CF and CoO/CF, respectively. These values are close to 120 mV dec-1, suggesting that

the HER proceeds via a primary discharge step. The lower Tafel slope of CoO/N-MoS2/CF

indicates a better HER kinetics.

Figure 9: (A) HER polarization curves of CF, CoO/CF, MoS2/CF, N-MoS2/CF, CoO/N-

MoS2/CF and Pt plate electrocatalysts, scan rate = 50 mV s-1. (B) The corresponding Tafel

plots determined from LSV curves in (A). (C) OER polarization curves of CF, CoO/CF,

MoS2/CF, N-MoS2/CF and CoO/N-MoS2/CF. (D) The corresponding Tafel plots calculated

from LSV curves in (C).
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Furthermore, the electrocatalytic performance of CoO/N-MoS2/CF was assessed for

oxygen evolution reaction (OER) in 1.0 M KOH aqueous solution in a three-electrode system.

Figure 9C displays the LSV curves of CoO/N-MoS2/CF, N-MoS2/CF, MoS2/CF, CoO/CF

and CF at 50 mV s-1. In comparison with MoS2/CF and N-MoS2/CF, enhanced OER activity

was observed for CoO/N-MoS2/NF, confirming the low OER activity of MoS2 [36]. MoS2/CF

and N-MoS2/CF displayed an overpotential of 820 mV and 650 mV at 10 mA cm-2,

respectively. In contrast, CoO/N-MoS2/CF revealed remarkably improved electrocatalytic

activity with an overpotential of 138 mV at 10 mA cm-2, which outperforms that of CF (980

mV) and CoO/CF (389 mV).

The Tafel slope value (Figure 9D) of CoO/N-MoS2/CF is around 68 mV dec-1, lower than

that of MoS2/CF (199 mV dec-1), N-MoS2/CF (165 mV dec-1) and CoO/CF (130 mV dec-1). Its

onset potential (ηonset) is 100 mV, outperforming N-MoS2/CF (410 mV), MoS2/CF (520 mV)

and CoO/CF (330 mV). The data reveals the kinetic merit of the CoO/N-MoS2/CF for water

oxidation, which is further attested by the Nyquist plots, revealing that the CoO/N-MoS2/CF

has enhanced electron transfer ability compared to N-MoS2/CF, MoS2/CF, CoO/CF and CF

samples.

The kinetics of the developed electrocatalysts under HER were assessed by

electrochemical impedance spectroscopy (EIS) measurements (Figure 10A). The complex-

plane impedance plots of studied catalysts display two-time constants in the form of two

depressed semicircles, and appear as two separated humps in the corresponding Bode plots

(Figure 11), related to a resistance-capacitance (RC) network. The RC network comprises the

charge transfer resistance (Rct) of the HER and the corresponding double layer capacitance

(Cdl) at the catalyst/electrolyte interface [37]. The first semicircle due to charge-transfer

resistance exhibits a small diameter R1 and occurs at high frequencies. The diameter R2 of the
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second semi-circle is large, covering a wide range of frequency values (medium-to-low

frequency domains).

This impedance response is successfully modelled by the equivalent circuit presented in

the inset of Figure 10A, with the overall impedance being described by a parallel

combination of resistance and capacitance of two charge-transfer processes. The total charge-

transfer resistance (Rct = R1 + R2) describes the kinetics of the HER [38]. From the Nyquist

plots, we can deduce that the diameters of the semicircles follow the trend: Rct of CoO/N-

MoS2/CF (3.5 ohm.cm-2) < Rct of CoO/CF (30 ohm.cm-2) < Rct of N-MoS2/CF (140 ohm.cm-2)

< Rct of MoS2/CF (225 ohm.cm-2). The small charge transfer impedance reflects fast electron

transfer during the HER, indicating high catalytic activity [10]. Note that the better electron

transfer ability of CoO/N-MoS2/CF should also contribute to its enhanced HER and OER

catalytic activity.

As the stability is one of the key factors in determining the practicability of

electrocatalysts, the CoO/N-MoS2/CF catalyst long-term stability was probed by potential-

time plots in an alkaline environment. Figure 10B depicts the chronopotentiometric curves of

the CoO/N-MoS2/CF catalyst recorded in 1.0 M KOH aqueous solution at J = -10 mA cm-2

(red line) and J = +10 mA cm-2 (black line). The V-t measurements indicated an almost steady

potential without any significant decay during 50 h of continuous HER and OER, revealing

the high stability of the CoO/N-MoS2/CF electrode for HER and OER.
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Figure 10: (A) Nyquist plots of the prepared electrocatalysts recorded over 100 kHz to 0.01

Hz frequency range. (B) HER and OER stability tests of CoO/N-MoS2/CF catalyst at J= -10

mA cm-2 and J = +10 mA cm-2 in 1 M KOH solution, respectively. (C) Comparison of the

overpotential at -10 mA cm-2 and Tafel slope values of recent reports on Mo- and Co-based

electrocatalysts. (D) Comparison of the overpotential at +10 mA cm-2 and Tafel slope values

of recent reports on Mo- and Co-based electrocatalysts.

Figure 11. Bode (A) impedance modulus |Z| and (B) phase angle .



- 120 -

Figure 12. The SEM image of CoO/N-MoS2/CF after HER and OER stability tests. (A) after

30000s OER and HER stability test. (B) After 50 h OER and HER stability test. (C) SEM

micrograph of (B) at higher magnification.

Figure 13. XRD patterns of the as-prepared CoO/N-MoS2/CF electrocatalyst before (red) and

after (black) HER and OER stability tests.

SEM (Figure 12) imaging and XRD (Figure 13) analysis were performed to follow the

changes that occurred after the HER and OER stability tests. The SEM image of CoO/N-

MoS2/CF exhibits cracks within the CoO/N-MoS2 layer that were absent in the SEM image of

the as-prepared electrocatalyst. The presence of cracks suggests partial loss of CoO/N-MoS2
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layer and/or morphological changes due to stress encountered during the stability tests. The

result is corroborated by the slight decrease of the MoS2 diffraction peaks intensity in the

XRD pattern and increase of the CF related peaks (Figure 13). All of the diffraction peaks of

N-MoS2 are in good agreement with the standard card data of hexagonal MoS2.

Figure 10 C, D summarizes the HER [39-44] and OER [45-50] kinetic data of recent Mo-

and Co-based electrodes in alkaline solutions. It is important to notice that most of these

electrocatalysts consist of nanostructured films or foams with large surface areas and high

loading amounts. From these comparison studies, it is obvious that CoO/N-MoS2/CF

electrode represents one of the most active electrocatalysts with Tafel slope values of 71 and

68 mV dec-1 for HER and OER, respectively (for more details see Tables 1 and 2). The low

Tafel slope values indicate that, upon increasing the overpotential, both OER and HER rates

of CoO/N-MoS2/CF will increase rapidly, which is beneficial for practical applications.

Table 1. HER properties of reported MoS2-based electrocatalysts.

Catalyst Onsetpotential

(mV vs. RHE)

V at J = 10 mA/cm2

(mV)

Tafel slope

(mv/dec)

Reference

MoS2@Ni/CC 30 91 89 [41]

Co9S8@MoS2 / 143 117 [47]

MoS2/MoSe2 180 235 96 [51]

MoS2@CoO / 173 129.9 [52]

Ni(OH)2/MoS2 / 227 105 [53]

CoMoOS 65 130 86 [54]

MoS2-WS2 / 129 72 [55]

CoO/N-MoS2/CF 30 78 71 this work
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Table 2. OER properties of reported MoS2-based electrocatalysts.

Catalyst Onsetpotential

(mV vs. RHE)

η at J = 10 mA cm-2

(mV)

Tafel slope

(mV dec-1)

Reference

Co9S8@MoS2 / 342 79 [47]

CoSx@MoS2 / 347 147 [46]

Fe-MoS2 / 225 72 [48]

CoO/Co / 350 79.6 [50]

MoS2@CoO 270 325 83 [52]

CoO/N-MoS2/CF 100 470 (50 mA cm-2) 68 this work

Figure 14: Cyclic voltammograms of (A) CF, (B) N-MoS2/CF, (C) CoO/N-MoS2/CF in the -

0.18 ~ -0.22 V vs. Ag/AgCl potential range. (D) Double-layer charging currents of CF, N-

MoS2/CF and CoO/N-MoS2/CF recorded at -0.20 V at various scan rates.
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To advance our understanding on the enhanced HER and OER electrocatalytic activity of

CoO/N-MoS2/CF compared to N-MoS2/CF, the electrochemical active surface areas (ECSAs)

were calculated from the electrical double layer capacitance (Cdl) [51].

To evaluate the Cdl, cyclic voltammograms were acquired in a non-Faradaic potential

window of the voltammograms (-0.18 ~ -0.22 V vs. Ag/AgCl) at various scan rates (Figure

14A-C). It is generally accepted that the ECSA is proportional to its Cdl value for

electrocatalysts of similar composition. The Cdl values were calculated from the slope of the

straight line (linear part) of the current density vs. scan rate curves. The good electrochemical

activity of the CoO/N-MoS2/CF electrode was revealed by a larger double layer capacitance

value of 16 mF cm-2, as compared to N-MoS2/CF (13 mF cm-2) and CF (1 mF cm-2) (Figure

14D).

3.3.5 Calculation of roughness factor and active site density

The Cdl values are used to calculate the roughness factor (Rf), one of the most important

parameters employed to account for the high catalytic performance of electrocatalysts [52, 53].

In this respect, the method of Jaramillo et al.[52, 53] is applied here for the calculation of Rf

of the investigated catalysts. Based on this method, the value of Rf is calculated from the ratio

of Cmeasured to Ccalculated (Rf = Cmeasured / Ccalculated); both measured in mF cm-2. Cmeasured denotes

the capacitance value recorded from CV measurements (Figure 14), while Ccalculated represents

the capacitance value obtained from flat surfaces (20-60 μF/cm2) [52]. In these calculations,

an average value of 40 μF cm-2 (or 0.04 mF cm-2) is considered for Ccalculated. Based on these

values, Rf values of 25, 325, and 400 were estimated for CF, N-MoS2/CF, and CoO/N-

MoS2/CF, respectively. The high Rf value of the CoO/N-MoS2/CF catalyst highlights its

outstanding catalytic activity as compared to N-MoS2/CF.

The number of catalytic surface sites, designated here as Ncatalyst, for the tested catalysts

was estimated from the product of Rf and catalyst surface sites per cm2 geometric area [52,
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53]. Considering 1.164 × 1015 MoS2/cm2 as the number of surface sites per cm2 geometric area

for flat MoS2 [54], the value of Ncatalyst for N-MoS2/CF and CoO/N-MoS2/CF catalysts was

estimated to be 7.65 × 1017 and 9.05 × 1017, respectively, referring to a large number of active

sites.

3.3.6 Calculation of turnover frequency

The turnover frequency (TOF) per site was determined by dividing the total H2 turnover

per cm2 geometric area (TOF)hydrogen by the catalyst surface sites per cm2 geometric area,

Ncatalyst [55]. A value of 3.12 × 1015 H2 s-1cm-2 (mA cm-2)-1 was adopted for (TOF)hydrogen [55].

So the TOF per site for N-MoS2/CF and CoO/N-MoS2/CF catalysts at a cathodic potential of -

200 mV vs. RHE is calculated using the expression given below, where cathodic current

densities of jc = 20 and 54 mA cm-2 were generated at that potential for N-MoS2/CF, and

CoO/N-MoS2/CF catalysts, respectively.

TOF per site = {(jc) (TOF)hydrogen} / Ncatalyst

Based on this equation, TOF values of 0.082 and 0.19 H2/s per surface site were estimated for

N-MoS2/CF and CoO/N-MoS2/CF catalysts, respectively. These results confirm the promising

catalytic activity of the CoO/N-MoS2/CF catalyst, as it exhibits a faster TOF value compared

to N-MoS2/CF catalyst.

3.3.7 Full water splitting

Figure 15: Chronoamperometric measurements of overall water splitting in 1.0 M KOH

aqueous solution at an applied potential of 1.4 or 1.5 V across the two electrodes.
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Inspired by the excellent OER/HER catalytic performances of CoO/N-MoS2/CF, we

investigated the potential of CoO/N-MoS2/CF as cathode and anode for full water splitting in

a two-electrode alkaline water electrolyzer system. Figure 15 exhibits the

chronoamperometry (j ∼ t) curves recorded in 1.0 M KOH. The CoO/N-MoS2/CF was able to

deliver stable current densities of 21 and 53 mA cm-2 at constant applied potentials of 1.4 and

1.5 V, respectively for 10 h, attesting of its good performance.

A comparison with literature data reveals the good performance of CoO/N-MoS2/CF for

full water splitting (Table 3).

Table 3. Full water splitting properties of reported Mo- and Co-based electrocatalysts.

Catalyst Solution Potential

(V)

Current density

(mA cm-2)

Reference

MoP/CC + CoP/CC 1.0 M KOH 1.6 40 [56]

GDs/Co0.8Ni0.2P 1.0 M KOH 1.54 10 [57]

CoP/Co9S8 1.0 M KOH 1.6 10 [58]

NiMoN 1.0 M KOH 1.507 10 [59]

CoOx-CoSe 1.0 M KOH 1.66 20 [60]

Ni‐Fe‐Mo NTs 1.0 M KOH 1.513 10 [61]

Co5Mo1.0P NSs@NF 1.0 M KOH 1.68 10 [62]

CoO/N-MoS2/CF 1.0 M KOH 1.4 21 this work

3.4 Conclusion

In summary, CoO loaded on N-MoS2 nanosheets supported on 3D conductive carbon fiber

(CoO/N-MoS2/CF) electrocatalyst was prepared using sequential hydrothermal and

electrochemical processes. The catalytic activity of the developed CoO/N-MoS2/CF electrode
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was assessed for hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in

alkaline medium. Our results revealed the high performance of CoO/N-MoS2/CF as an

efficient and robust bifunctional electrocatalyst. The inclusion of CoO allowed to tune

effectively the electronic structure as well as the electrochemical active surface area and

catalytic kinetics of the CoO/N-MoS2/CF catalyst. Remarkably, the optimized CoO/N-

MoS2/CF electrocatalyst delivered a current density of -10 mA cm-2 at very small

overpotential values of 78 mV and 50 mA cm-2 at 458 mV, respectively for HER and OER.

Chronoamperometry measurements in 1.0 M KOH aqueous solution established the high

stability of the electrode. Furthermore, the robustness of the developed electrocatalyst was

demonstrated in full water splitting configuration at an applied potential of 1.5 V. The results

obtained in this study provide important aspects for the development of earth-abundant

elements-based electrode materials as cost-effective, robust and efficient electrocatalysts for

full water splitting applications.
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CHAPTER 4

Enhanced electrocatalytic hydrogen evolution on a plasmonic electrode: the importance

of the Ti/TiO2 adhesion layer

4.1 Introduction

Identification of efficient electrocatalysts other than Pt for the HER is timely and

represents a growing field of research and development. The clean and potentially cost-

effective pathway for H2 production via electro-reductive water splitting makes H2 the

ultimate fuel of the future [1, 2]. The energy required to drive the reductive water-splitting

reaction (4H+ + 4e- → 2H2(g)) necessitates the use of catalysts, with Pt being at present the

most active catalyst for the HER in acidic solutions [3, 4].

Polished polycrystalline Pt or platinized Pt electrodes can achieve -10 mA cm-2 at an

overpotential of η ≈ -0.04 V [5]. The large-scale application of Pt catalysts is yet limited by

their high cost and low abundance, motivating researchers in discovering cost-effective

alternatives achieving -10 mA cm-2 at η ≈ -0.1 V. Yet, only some catalysts such as

electrodeposited NiMo and NiMoCo films [4], amorphous molybdenum sulphide films

deposited on F-doped tin oxide (FTO) electrodes [6] or ternary pyrite-type cobalt

phosphosulphide (CoPS) [7] showed comparable activities attaining -10 mA cm-2 at η ≈ -0.05

V [4], -15 mA cm-2 at η = -0.20 V [6], and -10 mA cm-2 at η = -0.048 V [7]. The search for

electrocatalytic systems with efficiencies comparable to or even better than platinum remains

a demanding task up to now. Nanoporous graphene with single-atom nickel dopants was

proposed by Qiu et al. and achieved a current density of -10 mA cm-2 at η = -0.05 V in 0.5 M

H2SO4 with excellent cyclic stability [8]. Tan et al. demonstrated the interest of 3D

nanoporous cobalt phosphide (np-Co2P) with a pore size of 30 nm for HER with a current

density of -10 mA cm-2 at η = -0.08 V [9].
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Although substantial progress has been made in this field, the search for HER catalysts

focused mainly only on designing platinum-free electrocatalysts, neglecting the integration of

other driving sources, especially plasmonic phenomena [10-19]. Plasmonic enhancement is

mainly achieved through three mechanisms, namely, far-field scattering, near-field

enhancement and charge carrier or resonant energy transfer [20]. While plasmon-enhanced

photocatalytic water splitting has been demonstrated by several research groups [21-23],

plasmon-mediated electrochemical water reduction has been described only in a few reports

[24-30]. These works were mainly based on the coupling of plasmonic nanostructures with

few layered MoS2 materials due to the excellent catalytic activity of MoS2 for the HER [28-

31]. Shi et al. work was based on drop-coating of Au nanorods/MoS2 nanosheet hybrids onto

glassy carbon electrodes, reaching a current density of -10 mA cm-2 at η = -0.12 V [11]. The

catalytic enhancement was attributed to an increase in carrier density in MoS2 induced by the

injection of hot electrons from the plasmonic nanostructures. Wang et al. reported recently the

possibility of boosting electrocatalytic hydrogen evolution over metal-organic frameworks by

plasmon-induced hot-electron injection via gold nanorods [26]. Upon irradiation with a 808

nm laser, a current density of -10 mA cm-2 was recorded at an overpotential of η = -0.135 V.

We report here on plasmon-accelerated electrocatalytic reduction of water in acid solution and

H2 production on different plasmonic electrodes. These systems comprise several of the

essential components for boosting the electrocatalytic HER: (i) a plasmonic resonant structure

in the form of gold nanohole (Au NHs) layers with excellent subwavelength light

manipulation properties and electromagnetic field enhancement; (ii) an electrical interface

working as a heterogenous electrocatalyst for water reduction, and in one case (iii) a Ti/TiO2

adhesion layer forming a Mott-Schottky barrier with the nanohole gold layer. We show that

under laser illumination at 980 nm (2 W cm-2), an interface comprising next to the Au NHs a

thin Ti/TiO2 (noted S2 in this work), enables the injection of hot electrons from the plasmonic
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interface to adsorbed water molecules. A current density of -10 mA cm-2 can be attained at an

overpotential of η ≈ -0.045 V. The HER activity of commercial benchmark Pt was not

affected by laser illumination and achieved -10 mA cm-2 at -0.048 vs. RHE.

4.2 Experimental section

4.2.1 Fabrication of gold nanoholes (Au NHs) directly on kapton (S1)

Kapton foils (10×10 mm2, thickness = 125 µm, DuPont, Circleville, OH, USA) were used.

In short, a monolayer of 980 nm polystyrene beads (Microparticles GmbH, Germany) was

deposited on the surface of Kapton by self-assembly, followed by SF6 and oxygen plasma

etching for 11 min (5 mTorr) to reduce particle size. The samples were then coated with 50

nm Au at a constant deposition rate of 2 Å s-1 using physical vapor deposition. The beads on

top of the Kapton were removed by dissolution in chloroform (overnight). The arrays display

holes of 630 nm average size and center-to-center spacing of 980 nm.

4.2.2 Fabrication of gold nanoholes (Au NHs) on kapton (S2)

Kapton foils (10×10 mm2, thickness = 125 µm, DuPont, Circleville, OH, USA) were used.

In short, a monolayer of 980 nm polystyrene beads (Microparticles GmbH, Germany) was

deposited on the surface of Kapton by self-assembly, followed by SF6 and oxygen plasma

etching for 11 min (5 mTorr) to reduce particle size. The samples were then coated with ≈2

nm Ti followed by 50 nm Au at a constant deposition rate of 2 Å s-1 using physical vapor

deposition. The beads on top of the Kapton were removed by dissolution in chloroform

(overnight). The arrays display holes of 630 nm average size and center-to-center spacing of

980 nm.

4.2.3 Fabrication of Ti/TiO2/on kapton (S3)

Kapton foils (10×10 mm2, thickness = 125 µm, DuPont, Circleville, OH, USA) were used.

In short, a monolayer of 980 nm polystyrene beads (Microparticles GmbH, Germany) was

deposited on the surface of Kapton by self-assembly, followed by SF6 and oxygen plasma
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etching for 11 min (5 mTorr) to reduce particle size. The samples were then coated with 50

nm Ti at a constant deposition rate of 2 Å s-1 using physical vapor deposition. The beads on

top of the Kapton were removed by dissolution in chloroform (overnight). The arrays display

holes of 630 nm average size and center-to-center spacing of 980 nm.

Figure 1. Schematics of the three types of investigated systems.

4.2.4 Electrochemical experiments

Electrochemical measurements were performed with a ModuLab-MTS electrochemical

test station (Solartron, France) in a standard three-electrode system with the plasmonic

electrodes (or Pt) as the working electrode, a carbon plate as the counter electrode and an

Ag/AgCl (3.5 M KCl) electrode as the reference electrode. The measured potentials were

converted to that relative to the reversible hydrogen electrode (RHE) according to:

ERHE = EAg/AgCl + 0.059 *pH +E°Ag/AgCl, with E°Ag/AgCl = 0.1976 V (25°C).

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measurements were

performed in 0.1 M H2SO4 solution at a scan rate of 50 mV s-1. Electrochemical impedance

data were acquired over a frequency range of 100 kHz to 0.01 Hz. The electrochemically

active surface area (A) in the electrochemical cell was derived from the linear plot of the peak

current as a function of the square root of the scan rate according to equation:
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A=s/(268600 ×n3/2× Df1/2× cf v1/2)

where n is the number of electrons transferred in the redox event (n = 1), Df is the diffusion

coefficient of ferrocenemethanol (7.5×10-6 cm2 s-1), cf is the concentration of

ferrocenemethanol (0.0001 mol cm-3), and s is the slope of the linear fit to the data. The

exposed area of the working electrode was 0.28 cm2.

For plasmon-enhanced electrocatalysis, the electrode was illuminated with light from a

continuous wave laser (980 and 808 nm, Gbox model, Fournier Medical Solution) with a laser

power output between 0.5 and 2 W cm-2. The temperature changes were captured by an

infrared camera (Thermovision A40) and treated using ThermaCam Researcher Pro 2.9

software.

4.2.5 Faradic efficiency

The Faradic efficiency (FE) of H2 evolution was calculated by comparing the amount of

formed H2 volumetrically to that calculated from potentiostatic cathodic electrolysis

(assuming 100% FE). Assuming a one electron redox process, the number of moles (n) of H2

formed during electrolysis can be calculated according to:

n = Q/2F

with F is the Faraday constant (96485 C mol-1) and Q is the charge passed during the

experiment.

To determine the volume of H2 formed, the outlet of the tightly closed electrolytic cell

was connected to a tube that has been inserted into a beaker of 1 mL filled with water. When

H2 gas is generated, the gas will flow into the tube and start displacing the water in the beaker.

4.3 Results and discussion

4.3.1 Nanoperforated Au thin film electrodes

The tunable optical properties of Au nanostructures and their good electrical conductivity

make noble metal ordered architectures ideally suited for the construction of plasmonic
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electrodes [32, 33]. Colloidal lithography was adopted to generate different types of

nanostructured electrodes on Kapton (K) (Figure 1).

The samples are structured and labeled as follows: (S1) K/Au NHs (50 nm), (S2)

K/Ti/TiO2/Au NHs (50 nm), (S3) K/Ti/TiO2 (30 nm). Ultra-thin (< 3 nm) disordered adhesion

layers of Ti, obtained by physical vapor deposition, as those used here, typically display a

metal-insulator transition and contain amorphous TiO2 [34]. Note that when titanium is

exposed to air, a native TiO2 layer is formed spontaneously.

Figure 2. (A) SEM images of the investigated electrodes. The scale bar is 2 μm. (B) UV/vis

absorption spectra of the different interfaces: S1: K/Au NHs (50 nm) (black), S2:

K/Ti/TiO2/Au NHs (50 nm) (red), S3: K/Ti/TiO2 (30 nm) (blue).

The scanning electron microscopy (SEM) images of the specimens are displayed in

Figure 2A, showing the characteristics of nanoperforated thin metal film structures.

Electrodes S1 and S2 support different localized surface plasmon resonance (LSPR) modes

(Figure 2B), while S3 shows no plasmonic response. Specifically, S1 displays a plasmon

band at 660 nm and a broad absorption (857-926 nm), due to the excitation of surface

plasmon waves in the Au NHs, acting as two-dimensional diffraction gratings that convert

incident photons into SP waves [35]. The structure S2 displays, next to the plasmon band at
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653 nm, an intense absorption band centered at around 980 nm with, however, a large half-

wave width. This indicates a certain distribution of Au NH sizes with different LSPR maxima

in the near infrared region.

4.3.2 Electrocatalytic activity towards HER

The electrochemical behavior of the electrodes using ferromagnetic as a redox active

probe in aqueous solution reveals reversible voltammograms for S1 and S2 electrodes with a

ΔE = 62 mV. The electrode S3 displays a quasi-reversible electron transfer behavior (Figure

3A) due to the presence of amorphous TiO2, with poor electrical conductivity [17].

The electrocatalytic activity of the S1-S3 samples towards HER in acidic solution was

investigated in a N2-saturated 0.1 M H2SO4 electrolyte at room temperature. Their behavior

with and without light illumination is presented in Figure 3. As shown in Figure 3, S3

(K/Ti/TiO2) demonstrates poor HER activity [23]. In contrast, the surfaces with Au NHs

exhibit electrocatalytic activity towards HER with onset potentials shifting positively from -

0.102 V (vs. RHE) (S1) to -0.098 V (vs. RHE) (S2). For comparison, the onset potential of a

Pt foil electrode under the same conditions is -0.025 V (vs. RHE) (Figure 3).

Upon illumination with a laser at 980 nm (2 W cm-2), the HER activity of S1 and S2 is

enhanced, while that of S3 remains almost unchanged (Figure 3C). Interestingly, S2 is

outperforming the other surfaces and has a behavior close to that of a Pt sheet electrode under

the same conditions. A comparison of the overpotentials η needed to achieve -10 and -100

mA cm-2 current densities (Table 1) suggests that the required potential energy for HER is

reduced on S2. With an overpotential of η = -0.045 V at -10 mA cm-2, S2 approaches the

thermodynamic potential of the HER (i.e. 0.0 V). It is also comparable to values attained on

Pt foil electrodes under the same conditions, recording a current density of -10 mA cm-2 at η =

-0.043 V under light illumination (dotted curves in Figure 3). This change in η is most likely

linked to the increase in the surface temperature of the Pt foil under light irradiation. Indeed,
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the solution temperature increased by about 5 ℃under light irradiation. Note that the HER

activity of S3 was not affected by light illumination.

Figure 3. Characteristics of the plasmonic electrodes. (A) Cyclic voltammograms of the

different surfaces. S1: K/Au NHs (50 nm) (red), S2: K/Ti/TiO2/Au NHs (50 nm) (blue), S3:

K/Ti/TiO2 (30 nm) (green) in ferrocenemethanol (1 mM)/KCl (0.1 M). The scan rate is 50 mV

s-1. (B) HER polarization curves of S1, S2, S3 and Pt in 0.1 M H2SO4 at a scan rate of 50 mVs-

1 without illumination. (C) HER polarization curves of S1, S2, S3 and Pt under 980 nm light

irradiation at 2 W cm-2 for 10 min. (D) HER polarization curves of S1, S2, S3 and Pt under

808 nm light irradiation at 2 W cm-2 for 10 min. All measurements were performed at room

temperature.
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In addition, the HER activities of S1, S2, S3 and Pt under illumination at 808 nm (2 W

cm-2) were determined (Figure 3D). The performance of S2 is decreased as compared to that

observed under illumination at 980 nm, while that of S1, S3, and Pt remained the same. These

findings confirm that the HER enhancement of S2 is related to a plasmon-mediated effect.

Indeed, S2 exhibits an absorption minimum at 808 nm. However, S2 displays an intense

LSPR band at ~980 nm, which is responsible for the strongly enhanced HER electrocatalytic

activity under this wavelength illumination. These findings confirm that the HER

enhancement of S2 is related to a plasmon-mediated effect. The same is true for S1.

Table 1. Overpotentials recorded for S1, S2 and S3 electrodes in 0.1 M H2SO4 with and

without irradiation at 980 nm (2 W cm-2) or 808 nm (2 W cm-2) for 600 s in thermostated

electrolyte (24°C).

Substrate Wavelength η (V) (-10 mA cm-2) η (V) (-100 mA cm-2)

- -0.212 -0.601

S1 980 nm -0.120 -0.395

808 nm -0.201 -0.597

- -0.183 -0.598

S2 980 nm -0.045 -0.238

808 nm -0.163 -0.431

- -0.533 -

S3 980 nm -0.462 -

808 nm -0.462 -

- -0.069 -0.201

Pt 980 nm -0.043 -0.198

808 nm -0.043 -0.198
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Table 2. Comparison of S2 performance to literature values.

Interface Conditions η (V)

(-10 mA cm-2)

η (V)

(-100 mA cm-2)

Tafel

(mV dec-1)

Ref.

Au NHs on Ti/TiO2 980 nm

2 W cm-2

-0.045 -0.238 35 this

work

Amorphous MoS2 No light -0.180 -0.31 40 6

CoPS No light -0.048 - 56 7

Nanoporous graphene

with Ni dopants

- -0.05 - 45 8

3D nanoporous metal

phosphides

No light -0.080 - 44 9

Au NRs on CoFe-

MOF

808 nm -0.135 -0.19 94 26

MoS2@Cu1.75S-Au 650nm

0.1 W cm-2

-0.120 - 39 27

MoS2@Au 500 W

Uv/Vis

-0.300 - 74 28

N-doped porous

carbon@Au

531 nm -0.099 - 37 29

MoS2@NPG Xe lamp

0.1 W cm-2

-0.167 -0.27 38 30

Au@Ag/MoS2 690 nm

25 mWcm-2

-0.420 -0.55 155 36
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Overall, the HER activity of S2 under 980 nm illumination is boosted when compared to

other plasmonic HER systems (Table 2). The results are competitive with the recently

reported 3D nanoporous plasmonic heterostructures, formed by chemically dealloying a 700

nm-thick Au-Ag alloy and post-coated with a monolayer of MoS2 by chemical vapor

deposition [30]. This electrocatalytic interface exhibited hydrogen production at an

overpotential of -0.167 V (vs. RHE) under visible light illumination at -10 mA cm-2. In this set

up, the electrocatalyst is the MoS2 monolayer and the HER performance was due to an

efficient transfer of hot electrons from the gold nanopores to the monolayer MoS2. In contrast

to these plasmonic enhanced electrocatalytic systems, S2 formation is easy on the macroscale

(>10 cm2) and the use of colloidal lithography makes the process highly reproducible.

Figure 4. Behavior of nanopatterned gold-based plasmonic electrodes towards HER. (A)

HER polarization curves of S1 illuminated at 980 nm at different laser densities, scan rate =

50 mV s-1. (B) HER polarization curves of S2 and Pt illuminated at 980 nm at different laser

power densities, scan rate = 50 mV s-1. (C, D) Tafel plots of the indicated electrodes derived

from the initial stage of the HER polarization curves displayed in panels (A, B).
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As expected, the acceleration of electrochemical water reduction depends on the incident

laser power density (Figure 4). The onset HER potential decreases as the laser power

increases from 500 mW cm-2 to 2 W cm-2. At laser powers > 1 W cm-2, the polarization curves

reached a pseudo steady state. Based on the polarization curves, the corresponding Tafel plots

were estimated to evaluate the influence of light irradiation on the HER kinetics. The Tafel

slopes without light activation are 144 mV/dec (S1) and 119 mV/dec (S2). Under 980 nm

illumination at 2.0 W cm-2, they decrease respectively to 104 mV/dec (S1) and 35 mV/dec (S2)

(Figure 4), indicating a good electrocatalytic activity, approaching that of Pt of 28 mV/dec.

The reduction in the Tafel slope suggests that the surface adsorption of hydrogen is increasing.

Under light irradiation, hydrogen bonds can thus be directly broken with desorption of

hydrogen being the rate limiting step [11, 29].

Figure 5. Nyquist plots of S1 (A) and S2 (B) under illumination at 980 nm, 2 W cm-2 for 600

s and without illumination over the frequency range of 100 kHz to 0.01 Hz. Points are

experimental data and curves are fits to the data. The equivalent circuit used for analysis is

shown in the inset of panel (A).

In addition, electrochemical impedance spectroscopy (EIS) measurements were carried

out (Figure 5) to see if the charge transfer resistance (RCT) changes under light illumination.
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In the case of S2 electrode, the diameter of the semicircle in the Nyquist plot is slightly

decreased under light illumination at 980 nm (2 Wcm-2) from 188±6 to 127±6 Ω cm-2,

revealing an enhancement of electron transfer rate. For S1, the charge transfer resistance

without light illumination is comparable to that of S2 (198±11 Ω cm-2). It decreases to 167±12

Ω cm-2 upon light illumination with 980 nm laser at 2 Wcm-2 (Figure 5).

4.3.3. Mechanism

Figure 6. (A) Photothermal heating curves of S1 immersed in 0.1 M H2SO4 upon laser light

irradiation at 980 nm (full curve) and 808 nm (dashed curve) for 10 min at 2 W cm-2. (B)

Photothermal heating curves of S2 immersed in 0.1 M H2SO4 and exposed to laser light of

980 nm (full curve) and 808 nm (dashed curve) for 10 min at 2 W cm-2. (C) HER polarization

curves at 24 °C, 45 °C, 65 °C and 80 °C in 0.1 M H2SO4 solution for S1. (D) HER

polarization curves at 24 °C, 45 °C, 65 °C and 80 °C in 0.1 M H2SO4 solution for S2.
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To understand the origin of the current enhancement, the HER reaction was performed

at different solution temperatures up to 80°C (Figure 6). The temperature corresponds to the

surface temperature as determined with a thermocouple attached to the sample when

immersed in 0.1 M H2SO4 and irradiated with a 980 nm laser at 2 W cm-2 for 10 min. We

observed that the thermal heating effect upon HER is weaker than the plasmonic effect.

Figure 7. Arrhenius plots of the current density obtained for S1 (A) in the dark and (B) under

light illumination at 980 nm for 10 min. Arrhenius plots of the current density obtained for S2

(C) in the dark and (D) under light illumination at 980 nm for 10 min at overpotentials of -

0.20, 0.25 and -0.30 V. The activation energy (Ea) was determined from the slope of the

Arrhenius plots according to j ∝ exp (-Ea/RT), with R being the universal gas constant (8.314

J mol-1) and T the temperature (K).
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To gain more evidence of the LSPR enhanced HER activity, the activation energy (Ea)

of HER was determined under light illumination at 980 nm and compared to that determined

by heating of the solution. The plots of ln j vs. 1/T revealed a linear relationship (Figure 7) in

both cases. For S2, using the Arrhenius equation, the value of Ea under light irradiation was

estimated to be 44±5 kJ mol-1, while in dark it was 94±1 kJ mol-1 (Figure 8A).

Figure 8.Mechanistic considerations for HER. (A) Activation energy as a function of

overpotential upon 980 nm light irradiation (closed symbols) and in dark (open symbols). (B)

Schematic presentation of the mechanism involved in HER.
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As observed by Wang et al. Recently by investigating hydrogen evolution over metal–

organic frame-works through plasmon-induced hot-electron injection,[26] the slopes of S1

and S2 of Ea vs. overpotential graph (Fig. 8A) under light are smaller compared to those in

the dark. The decreased slope for S2 originates from direct hot-electron injection into the

substrate due to plasmon activation. Plasmon-induced processes generated a significantly

higher HER activity of S2 due to the formation of hot electrons [13, 26]. This observation is

adequately supported by the hot-electron-induced H2 dissociation rate being increased by

almost 2 orders of magnitude [13].

On the basis of the above results, the expected mechanism of the enhanced activity

toward HER under laser irradiation is the following: under laser excitation, surface plasmons

are generated on the nanopatterned gold films forming electron-hole pairs (Figure 8B). The

generated hot electrons can then follow different pathways on S2: (i) recombination with the

formed holes in the Au NHs layer, (ii) direct electrochemical reduction of water on the Au

NHs surface, or (iii) injection into the conducting band of the Ti/TiO2 semiconductor

adhesion layer followed by water reduction.

In the case of S1, where Au NHs are directly deposited on Kapton, no injection into the

conduction band of the Ti/TiO2 semiconductor adhesion layer occurs and only direct electro-

chemical reduction of water to hydrogen gas will occur. This results in a less efficient

plasmon enhanced HER reaction. Indeed, for S1, the value of Ea under light irradiation is

estimated to be 63±3 kJ mol-1, while in dark it is 104±3 kJ mol-1. In this case, only direct

electrochemical reduction of water occurs through the generation of hot electrons.

In S2, both direct electrochemical reduction of water and injection of hot electrons via

the Mott-Schottky barrier into the thin Ti/TiO2 layer might occur, reflecting a low Ea under

light irradiation of 44±5 kJ mol-1,assuming that the electron injection is faster than the

electron-hole recombination process.
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The fast generation and injection of hot electrons affect the current density profile

abruptly upon laser irradiation, as illustrated in Figure 9A, when S2 is biased at -0.043 V (vs.

RHE). Interestingly, the surface temperature evolution of S2 under 808 and 980 nm

illumination at 2W cm-2 is similar, pointing again to the key role of the hot electrons in the

process rather than a solely thermally-driven reaction.

4.3.4. Reproducibility

Figure 9.Mechanistic considerations of the HER. (A) Current density-time curves under

illumination at 980 nm (red), 808 nm (black) at 2 W cm-2 and with no illumination (dashed

blue) of S2. (B) HER polarization curves of 10 S2 interfaces in 0.1 M H2SO4 at a scan rate of

50 mV s-1 in dark. (C) HER stability tests of S2 at j = -10 mA cm-2 with (red, 2 W cm-2) and

without light (black) illumination by following the change of the overpotential with time. (D)

H2 production efficiency catalyzed by S2 at a potential of -0.04 V in 0.1 M H2SO4 with and

without light irradiation. The theoretical efficiency (lines) was calculated according to the

cumulative charge, assuming a 100% Faradic efficiency for H2 production. The current

density was j = -10 mA cm-2. Data for Pt is shown as well (black symbols).
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The HER activities are highly reproducible as seen in the curves recorded on 10 different

S2 specimens (Figure 9B). As the stability is one of the key factors in determining the

usefulness of an electrocatalyst, the long-term stability of Au NHs plasmonic catalyst was

assessed by overpotential-time transients plots in an acid environment. Figure 9C depicts the

chronopotentiometric curves of S2 in 0.1 M H2SO4 aqueous solution at a current density j = -

10 mA cm-2. The overpotential-time measurements indicate an almost steady overpotential

without any significant decay during 35 h of continuous HER, revealing excellent durability

of the interface. The faradic yields of H2 production were in addition found to be quantitative

within the experimental errors (Figure 9D). Up to 52 μmol cm-2 H2 was formed after

irradiation for 3 h, which represents a 4-fold enhancement compared to S2 without activation.

The faradaic efficiency was determined as 97.2%.

4.4 Conclusion

In conclusion, nanoperforated Au structures coupled via Ti/TiO2 adhesion layers to

underlying Kapton substrates have been constructed as plasmonic electrocatalytic electrodes

for catalyzing HER in acidic medium. Upon light irradiation at 980 nm, the overpotential at a

current density of -10 mA cm-2 decreases from -0.183 V to -0.045 V vs. RHE. This HER

activity of the plasmonic electrodes is comparable to that of Pt where under the same

conditions for which an overpotential of -0.049 V vs. RHE was required. The interface

sustains the hydrogen evolution reaction for several hours without surface poisoning or

electrode degradation, as evidenced by the stable current density over time. Mechanistic

investigations revealed that fast hot electron injection into the underlying Ti/TiO2 layer is

partially responsible for the enhanced HER activity. The good light trapping behavior of the

plasmonic electrodes might in addition allow direct electrochemical reduction of water due to

a decrease in the HER activation energy under light irradiation. While TiO2 is indeed one of

the most promising semiconductors at present due to a thorough under- standing of the role of
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the TiO2 polymorph, any other semi- conductor can be used for this application. Our findings

reveal that nanopatterned Au electrodes, in the absence of metal oxide semiconductors,

display unique plasmonic enhanced HER.
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CHAPTER 5

Conclusion and Perspectives

As the global energy crisis and environmental pollution problems continue to intensify,

people gradually pay more attention to the search of renewable clean energy. The hydrogen

(H2) combustion value is high, and its product water is clean and pollution-free, and can be

recycled. So H2 has become an ideal energy carrier in people's minds. Therefore, the use of

electrocatalytic decomposition of water to produce H2 is a fundamental way for

environmental issues. After years of research and development, the decomposition of water to

produce H2 have made great progress, but in general water splitting efficiency is still very low,

far from reaching the actual application level. Therefore, the research on electrocatalytic H2

production is still a hot spot in academia.

Hydrolyze water to produce H2 is a research direction that has developed rapidly since the

mid-1970s. The results achieved in recent years showed that it has attractive application

prospects, but to achieve practical value, a series of major basic problems must be solved. The

successful construction of a water splitting device requires at least one electrocatalyst,

electrolyte and product separator. Most of the device designs reported in the literature must be

based on high activity and estimated production costs.

Currently, Pt-group metals are the most effective catalysts for HER, while the

benchmark catalysts for OER are Ir/Ru-based compounds. However, high cost and scarcity of

these metals limit their widespread use. Therefore, enormous efforts have been dedicated to

the development of nano-scale non-noble metal catalysts with high dispersibility, large

specific surface area, and electrocatalytic activity for water splitting.

In this thesis, we have explored high-efficiency, high-stability, low-price

electrocatalysts using a simple and environmentally friendly strategy. Firstly, we prepared
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new PtRu2 nanoparticles supported on sulphur and nitrogen co-doped crumbled graphene with

trace amounts of iron (PtRu2/PF) electrocatalysts by one-step hydrothermal process. We

choose to reduce the Pt content through alloying with Ru. In the second part of my thesis

work, we described the preparation of a hybrid material consisting of cobalt oxide decorated

on nitrogen-doped MoS2 supported on carbon fibers (CoO/N-MoS2/CF) through a two-step

process combining hydrothermal technique and electrochemical deposition. The third chapter

of my thesis was focused on the plasmon-enhanced electrocatalytic processes. We showed,

for the first time, the extraordinarily capacity of perforated gold nanoholes (Au NHs)

electrodes for electrochemical water splitting under illumination. The strong electromagnetic

enhancement, which occurs under illumination of the perforated Au NHs electrode, facilitates

the dissociation of water into H2. All the prepared materials were characterized by a variety of

different techniques, such as SEM, TEM, XRD, XPS, Raman and electrochemical

measurements.

Throughout the literature data and research, the current research on catalytic

decomposition of water to produce H2 was mainly focused on the design and preparation of

new catalysts with low cost, high efficiency, no pollution and good stability.

At present, we mainly produce hydrogen through electrocatalysis water splitting. In the

next step we will combine photocatalysis with electrochemistry to form a

photoelectrochemical water splitting system. So far, this field faces many problems related to

the low stability of the photocatalysts (photo-corrosion) and the low efficiency in the visible

light region. So, I will prepare Au NHs with absorption in the visible range, use a lamp or

sunshine as the power to promoted the water splitting. And I also will use optical lithography

to generate structures. And in the future, solar cell may be used in the water splitting system.

Although some progress has been made in the research on water photocatalysis in recent years,

there are still many areas that need further research and improvement. Once the research on
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the use of solar energy to catalyze the decomposition of water to produce H2 can be put into

practical use, it will fundamentally change the energy structure of the world today, with a

broad prospect for development. The use of solar energy and catalytic decomposition of water

to produce H2 are research topics that are related to the destiny of any country and the well-

being of mankind, and deserve our constant exploration.
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Appendix

Experimental Part

6.1 Characterization techniques

6.1.1 Scanning electron microscopy (SEM)

SEM images were recorded using an electron microscope ULTRA 55 (Zeiss) equipped

with a thermal field emission emitter and three different detectors (EsB detector with filter

grid, high-efficiency In-lens SE detector, and Everhart-Thornley secondary electron detector).

6.1.2 Transmission electron microscopy (TEM)

TEM images were recorded on a FEI, TECNAI G2 F20 instrument. Samples were

prepared by dispersing the electrocatalysts in ethanol (0.2 mg mL-1). From the dispersed

solution, 5 µL was drop casted on a 200 mesh Cu grid for the high-resolution transmission

electron microscopy (HR-TEM) analysis.

6.1.3 X-ray diffraction (XRD)

XRD patterns were collected on a high flux Rigaku Smartlab rotated anode, working with

a copper Kα radiation (1.5418 ang) at an applied voltage of 45 kV and an anode current of

200 mA in the 2 range of 5-90°. After optimization, a Bragg-Brentano reflexion geometry

configuration was chosen in combination with 5° Soller's slits in incident and diffracted

beams. In addition, since the diffracted intensity is very weak, low background silicon

sample-holders were used.

6.1.4 Raman spectroscopy

Raman measurements were performed on a LabRam HR Micro-Raman system (Horiba

Jobin Yvon) using a 473-nm laser diode as excitation source. Visible light is focused by a

100× objective. The scattered light is collected by the same objective in backscattering

configuration, dispersed by a 1800 mm focal length monochromator and detected by a CCD

camera.
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6.1.5 X-ray photoelectron spectroscopy (XPS)

XPS is an advanced analytical technique in the microanalysis of electronic materials and

components. It not only provides information on molecular structure and atomic valence state,

but also provides various information about the elemental composition and content, chemical

state, molecular structure, and chemical bonds of a compound. When analyzing electronic

materials, it can not only provide overall chemical information, but also give information on

the surface, micro areas and depth distribution. In addition, because the X-ray beam incident

on the surface of the sample is a photon beam, the damage to the sample is very small. This is

very beneficial for the analysis of organic materials and polymer materials. XPS (ESCALAB

220 XL) spectrometer from Vacuum Generators featuring a monochromatic Al Kα X-ray

source (1486.6 eV) was used to assess the chemical composition of the electrode materials.

6.1.6 Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

The amount of Pt and Ru in prepared samples was determined with a Varian (liberty II

axial view) ICP-AES. The wavelength and detection limit for Pt were 214.423 nm and 0.03

μg mL–1, respectively and the wavelength and detection limit for Ru were 240.272 nm and

0.01 μg mL–1, respectively. The spectrometer was equipped with a pneumatic V-groove

nebulizer and Sturmun-Master inert PTFE spray chamber. Sample solutions were driven

through columns of resin by means of a multi-channel Gilson peristaltic pump equipped with

2.28 mm i.d. tubing. Teflon tubing, polyethylene bottles, and a pH meter (WTW) with glass

electrode were also used.

6.1.7 Ultraviolet-visible (UV/vis) spectrophotometer

The UV/vis absorption spectra were recorded using a Perkin Elmer Lambda UV-vis 950

spectrophotometer. The wavelength range is from 300-1050 nm.
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6.1.8 Physical vapor deposition (PVD)

PVD technology means that under vacuum conditions, using a physical method, the

material source-solid or liquid surface is vaporized into gaseous atoms, molecules or parts

ionized into ions, and through low pressure gas (or plasma). The process of depositing a thin

film with a special function on the surface of the substrate. The main methods of physical

vapor deposition include vacuum evaporation, sputtering, arc plasma plating, ion plating, and

molecular beam epitaxy. Up to now, physical vapor deposition technology can not only

deposit metal films, alloy films, but also compounds, ceramics, semiconductors, polymer

films, etc.
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