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Chapter I Introduction 

1.1 Electrocatalytic Water Splitting   

        The two industrial revolutions brought a “Big Bang” in the innovation of technology, while at 

the same time created a huge demand on energy. For hundred years, the main source of energy has 

been the fossil fuel, which is limited in storage and can raise environmental issues such as acid rain 

and smoke pollution. Therefore, the seek for the alternative energy sources, which are sustainable 

and eco-friendly, is in urgent requirements.  

         Hydrogen (H2) as an energy carrier has attracted significant attention because it has the 

highest gravimetric energy density of any known fuel, and it is compatible with electrochemical 

processes for energy conversion free of CO2 emissions.1 Thus, finding a sustainable and low-

energy-consuming way to produce H2 became an important and significant topic in scientific 

research. Currently, most of the H2 used for industrial purposes is made by steam reforming of 

natural gas or methane. At the moment this production technology is predominant because of the 

high availability and low price of natural gas, but natural gas is not a renewable energy source and 

the problem of CO2 release is not solved.2 Different from this traditional technique, solar energy for 

water splitting to produce H2 presents an environmentally responsible, carbon-free alternative for 

the H2 generation. However, restricted by a lot of disadvantages such as the limited absorption 

range of the photocatalysts on natural light and the high speed of the electron-hole recombination 

during photocatalysis processes, the efficiency of solar energy to chemical energy is fairly low 

during photocatalysis procedures. Compared to photocatalysis for water splitting, the 

electrocatalysis is an easier method with much higher efficiency, which can be as high as 100% and 

higher purity of H2 and O2. At the moment, the only disadvantage of the electrocatalysis is its cost. 

On one side, the source of electricity is mainly from water or coal which is a kind of non-renewable 

energy; On the other side, the traditional electrocatalysts are mainly noble metals and noble metal 

oxides. These drawbacks restrain the large-scale industrialization of electrocatalytic H2 production. 

Based on this situation, searching for more efficient and economic electrocatalysts becomes a main 

problem to be solved. 

1.2 Mechanism in HER and OER 

        The water splitting is composed by two simultaneous electrochemical half reactions, hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER). The reaction is performed in an 
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electrolytic cell with an external electric power source and the specific electrolyte which can 

provide H2O for HER and OER. The HER and OER happen on the cathode and anode, respectively, 

when the potential is big enough (Figure 1.1).3-4 The two half reactions can be written as following: 

HER: 2H+(aq) + 2e− ↔ H2(g)   Ecathodic = 0 V – 0.059(pH) V vs. RHE 

OER: 2H2O(l) ↔ O2(g) + 4H+(aq) + 4e− Eanodic = 1.23 V – 0.059(pH) V vs. RHE 

Whole reaction: 2H2O → 2H2 + O2  E = 1.23 V 

 

 

Figure 1.1. Schematic description of electrocatalysis of water splitting. 

        The redox potentials of the water splitting reactions strongly depend on pH values of the 

electrolytes. A potential-pH diagram, which is also known as the Pourbaix diagram, shows the area 

where, in theory, the potentials and pH values are suitable for HER and OER. As shown in Figure 

1.2, line (a) and (b) stand for the equilibrium reaction of HER and OER, respectively. The HER is 

favored below line (a) and the OER is favored above line (b) (see Figure 1.2). Between line (a) and 

(b), the H2O is thermodynamically stable. 
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Figure 1.2. Pourbaix diagram of H2O at 25 ºC. 

        Although these two half reactions are reversible, they cannot proceed strictly with the 

thermodynamic potential of reversibility. Instead, an extra potential is needed to trigger these 

reactions, and their required potential to start the reaction is different. For instance, when the pH of 

the electrolyte is 0, the potential is 0 V vs. reversible hydrogen electrode (RHE) for the HER; For 

the OER, the potential is 1.23 V vs. RHE. Hence, the OER requires a higher energy to overcome the 

thermodynamic barrier. Moreover, the OER is a four electron-proton coupled reaction while the 

HER is only a two electron-transfer reaction, thus it can be easily expected that OER requires a 

higher energy to overcome the kinetic barrier as well. Even if the production of pure H2 is the main 

objective of electrochemical water splitting, one cannot neglect the counter-reaction (OER), as it is 

the sluggish step in the whole reaction. Based on these above situations, the challenges ahead in 

developing new, efficient catalysts both for HER and OER and opportunities are stressed. 

1.2.1 Mechanism of HER 

        Table 1.1 shows HER reactions taking place either in acidic or alkaline conditions in which 

different electron transfer steps occur according to different pH environments. The first step, also 

called the Volmer reaction, under acidic conditions is characterized by the formation of H* species 
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on the surface of the electrode upon the reduction of H+ ions (present in the acidic electrolyte) with 

the electrons present on the surface of the electrode. In alkaline electrolytes, because of the 

extremely low concentration of H+ ions, the Volmer reaction happens together with the ionization of 

H2O which produces enough H+. This means extra energy is demanded to overcome this barrier. It 

is straightforward that the pH strongly influences the HER process and its kinetics. The second step 

of the HER, which leads to the actual formation of H2 gas can occur in two different ways: in one 

route, also called the Heyrovsky reaction, an absorbed H* specie reacts with one e
—
 from the 

electrode and one H+ from the electrolyte to form one H2 molecule; another option, also called the 

Tafel reaction, consists in the reaction of two adjacent absorbed H* which combine to form one H2 

molecule.5 While in alkaline electrolyte, the Heyrovsky reaction happens when the absorbed H* 

specie reacts with one e
—

 from the electrode and one H+ from the ionized H2O, which requires 

higher energy than in the acidic electrolyte. If the combination of two absorbed H* is dominant, 

namely Tafel reaction, the energy barrier will be less comparing to the Heyrovsky reaction. By 

calculating the Tafel slope which we will introduce in the next section, the determining step and the 

routes of HER can be deduced because the specific steps can refer to specific values of Tafel slope. 

For example, if a Tafel slope is approximately 120 mV/dec, it indicates that the discharge step 

(Volmer reaction) is rate limiting. A Tafel slope of about 40 mV/dec suggests that the Heyrovsky 

reaction is dominating, while Tafel slope of around 30 mV/dec suggests that Tafel reaction is 

dominating.6 

Table 1.1. Process of HER in acidic and alkaline conditions. 

Overall reaction (condition) Reaction pathway 

2H+ + 2e
—

 → H2 

(Acidic solution) 

 

H+ + e
—
 → H* (Volmer) 

H+ + e
—
 + H* → H2 (Heyrovsky) 

or 2H* → H2 (Tafel) 

 

2H2O + 2e
—

 → H2 + 2OH
—
 

(Alkaline solution) 

H2O + e
—
 → H* + OH

—
 (Volmer) 

H2O + e
—
 + H* → H2 + OH

—
 (Heyrovsky) 

or 2H* → H2 (Tafel) 

       Based on these above mechanisms, the bonding energetics of the adsorbed H* on the active 

sites of the electrocatalysts play an important role in the HER. Indeed, the free energy of hydrogen 

adsorption (ΔGH*) should be suitable for the reaction, which, in simple terms, means that both the 

standard redox potential for HER and the associated standard ΔGH*  should be zero. If the ΔGH* has 

a large negative value, it means the hydrogen adsorption bond is too strong, so the dissociation of 
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H2 molecule is hard. On the contrary, if the ΔGH* has a large positive value, it means one the active 

sites the formation of hydrogen adsorption bond is not easy.  

1.2.2 Mechanism of OER 

        Since the OER involves the transfer of four e
—
, the kinds of intermediates vary in different 

experimental conditions, it is more complicated than the HER. It has been widely accepted that the 

OER is composed of five different sub-reactions. Table 1.2 shows the possible elemental steps 

involved in the OER both in acidic and alkaline conditions.7 Similar as the situation in HER, if any 

of these intermediates (*OH, *O, OOH* or *O2) is not favored by its standard free energy of 

bonding, the catalysts are not able to function for OER. On the other hand, if the intermediates are 

adsorbed too strongly or too weakly on the active sites, the total speed of the reaction on the 

catalysts will be influenced. Then a high overpotential is needed for the occurrence of OER. As in 

the case of the HER, the experimental values of Tafel slopes can reveal the rate-determining step at 

a certain extent, it is hard to build a corresponding relationship between the Tafel slope and the rate-

determining step in OER. The kinds in the intermediates vary a lot so the models for the OER 

mechanism differ according to the specific kinds of active sites, for example the oxo groups have 

totally different reaction pathways from the terminal peroxide groups in catalyzing OER.8 Besides, 

it has been demonstrated that that the OER reaction pathways are very sensitive to the surface 

structure of the electrodes, different materials or even different facets of the same material manifest 

different catalytic processes. Thus to determine the reaction routes is difficult. 

Table 1.2. Process of OER in acidic and alkaline conditions. 

Overall reaction (condition) Reaction pathway 

2H2O → 4H+ + 4e
—

 + O2 

(Acidic solution) 

 

* + H2O → *OH + H+ + e
—
  

*OH → *O + H+ + e
—
  

*O + H2O → OOH* + H+ + e
—
 

*OOH → *O2 + H+ + e
—

 

*O2 → * + O2 

 

4OH
—

 → 2H2O + 4e
—

 + O2 

(Alkaline solution) 

* + OH
—
 → *OH + e

—
 

*OH + OH
—
 →H2O + e

—
 + *O 

*O + OH
—
 → *OOH + e

—
 

*OOH + OH
—
 → *O2 + e

—
 

*O2 → * + O2 
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1.3 Parameters Used to Evaluate the Catalytic Activity 

        The following parameters are the widely recognized ones for evaluating and comparing the 

catalytic activities of electrocatalysts.  

1.3.1 Overpotential (η) 

        In a real system, the electrochemical reaction occurs only when the potential predicted by the 

thermodynamics excluding the kinetic hindrances experienced.9-11 To overcome these hindrances, 

an additional driving force which manifests as an extra potential is needed to influence such 

electrochemical reactions. This extra potential is called the overpotential (η). In both the HER and 

OER, usually three factors are considered to be the sources of overpotential, namely, the 

concentration overpotential, the activation overpotential, and the overpotential caused by the 

uncompensated or system resistance (Rs, mainly from the resistance of the other parts of the system 

except the electrodes for measurements, for example the resistance from the electrolyte). The 

activation overpotential only depends on the intrinsic property of the catalyst used in the 

electrocatalytic reaction and varies by the types of the materials. Hence, the more efficient the 

catalyst is chosen, the less activation overpotential it can get. The concentration overpotential 

occurs immediately after the electrode reaction begins since there is a sudden drop in ion 

concentration near the interfaces. By stirring the electrolyte this can be minimized. The last kind of 

overpotential can be removed by calibrating the data with Ohmic drop compensation, and this 

correction is now available in many electrochemical workstations.12 This method, known as the iR 

correction, needs to be finished before further analysis of the data in order to reduce the influence 

from the surroundings to the data and make the data reflect the intrinsic properties of the 

electrocatalysts as much as possible.  

        In HER, the activation overpotential after iR correction can be considered as the onset 

overpotential, and it is more important than the other parameters, since the kinetics of the HER is 

more efficient than that of the OER.13 This can be shown from the polarization curve acquired by 

plotting the potential versus the current density.  

        In contrast, the OER case differs from material to material in different test conditions. In order 

to calculate the overpotential, some other parameters should be taken into consideration too. Since 

all of the possible mechanisms of the OER proceed through a series of elementary steps, the kinetic 

barriers which are constructed by each of these steps will be contained in the overall activation 

overpotential for OER. Because of the different kinetics of these elementary steps, except the onset 

overpotential after iR correction, the overpotential at a certain current density (j) like 10 mA/cm2 

has now widely been used as an essential quantitative activity parameter for evaluating the 

performance of an electrocatalyst.14 And this method to estimate the activity is also used for the 
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HER. 

1.3.2 Tafel Slope 

        The Tafel plot is from the mathematic calculation of the polarization curve of the catalyst. In 

general, the polarization curve, which is a plot of j versus electrode potential (E), is replotted as a 

plot of log(j) versus η. The linear portion near the iR-corrected onset potential is chosen to be 

analyzed deeper and the slope is calculated as the Tafel slope. The Tafel slope is a reflection of the 

charge transfer property of the material, and the formula can be expressed as follows: 

dlog(𝑗)

d𝜂
= 2.303RT/αnF 

        From the formula, it is clear that the Tafel slope is inversely proportional to the charge transfer 

coefficient (α), and the remaining other parameters are constants: R is the ideal gas constant, T is 

the temperature, F is Faraday constant, and n is the number of electrons transferred. In HER n is 

equal to 2, and in OER it is 4. According to the formula, a catalyst with a fast charge transfer ability 

should possess a low Tafel slope. Therefore, the Tafel slope is always used as a primary activity 

parameter to determine the activity of a catalyst. It has to be mentioned that the scan rate at which 

the polarization curve used for Tafel plot should be as low as possible (usually 1 mV/s). This is 

because when the electrocatalyst is highly capacitive, the capacitive current will strongly contribute 

to the whole current density which we can measure from the workstation and it is used for 

calculating the Tafel slope. In such a case the Tafel slope is influenced by the scan rate and this is 

not true. 

1.3.3 Turnover Frequency (TOF) 

        The TOF is another quantitative parameter used to evaluate an electrocatalyst at a defined 

overpotential. The TOF of the catalyst is defined as the number of moles of O2/H2 evolved per unit 

time. The following formula is used to calculate the TOF for an electrocatalytic gas evolution 

reaction: 

TOF = 
𝑗𝑆

𝐴𝐹𝑛
 

in which j is the measured current density, S is the geometric surface area of the electrode, F is 

Faraday’s constant (96485.3 C/mol), A is the moles of the metal atom in the loaded catalysts, and n 

is number of electrons transferred, in HER it is equal to 2, in OER it is equal to 4. 

1.3.4 Electrochemical Surface Area (ECSA) 

        Surface area is an importance parameter for catalysts as it is related to the active sites can be 

provided by the catalysts for catalytic reactions. For electrocatalysis, it is better to use ECSA to 
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characterize the surface area as it is more sensitive to the actual catalyst loading. Usually, the ECSA 

is determined by different scan rate of cyclic voltammetry in the non-faradaic region. The 

electrochemical double-layer capacitance (Cdl) extracted from the capacitive current as a function of 

scan rate serves as an estimate of the effective ECSA of the solid-liquid interface. Specifically, in 

this thesis for both HER and OER, the scan region of the cyclic voltammetry is a non-faradaic 

region from -0.02 to 0.08 V vs. Ag/AgCl (3M NaCl) The electrochemical double-layer capacitance 

(Cdl) was estimated by plotting j = janodic - jcathodic at -0.06 V vs. Ag/AgCl (3M NaCl) against the scan 

rate. 

1.3.5 Stability 

        There are several kinds of method to test stability. Usually the following three methods are 

commonly used. The first one is to measure CV cycling at a higher scan rate and compare the 

change after hundreds of cycles. The other two methods are to expose the electrocatalysts to a fixed 

potential (chronoamperometry) or a fixed current density (chronopotentiometry) and test for 

durations of hours. In this thesis, we choose the chronopotentiometry method and set the current 

density at 10 mA/cm2. 

1.4 Electrocatalysts for Water Splitting 

        As introduced above, since the occurrence of electrochemical water splitting has to overcome 

the energy barrier, to find an electrocatalyst which can decrease reaction barrier and increase the 

energy conversion efficiency becomes a fundamental scientific problem to be solved in 

electrocatalysis of water splitting. Till now, much research has been devoted and people find that 

there are a variety of suitable electrocatalysts for HER and OER can not only decrease the energy 

barrier dramatically, but also increase the efficiency and stability of water splitting. For both HER 

and OER, the noble metals and their compounds were used as the electrocatalysts at the beginning. 

Then the emphasis was inclined to the non-noble electrocatalysts since people find some 3d 

transition metal compounds have promising potential in HER and OER as well but more 

economical compared to the noble metal catalysts. 

1.4.1 Noble Metal Electrocatalysts for HER  

        Traditionally, platinum (Pt) metal is the best electrocatalyst for HER with a near-perfect 

overpotential close to 0 V vs. RHE.15 Thus it is used as a reference HER catalyst in a lot of research 

work. The electrocatalytic activity differs on different facets of Pt crystals, and the tendency of 

activity in both acidic and alkaline is similar: (111) < (100) < (110),16 and this role corresponds to 

the surface activation energy calculation according to the Arrenius curve.17 Moreover, the surface 
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activation energy of Pt under alkaline situation is twice as that of Pt under acidic situation, which 

results in a better HER property of Pt in acidic situation than in alkaline situation. Similarly, 

palladium and iridium also show better activity in acidic solution than in alkaline solution.18 The 

main reason of this difference is because in alkaline electrolyte, the metal-*OH bond and the 

ionization of H2O influence the activity of HER. Except for Pt, other noble metals such as 

palladium, iridium,19 gold,20 silver, rhodium and ruthenium21 and their alloys are also found to be 

active in HER. Similar as Pt, their properties also depend on the facets and pH environment. 

Moreover, although they are studied as HER catalysts, the performance is not as good as Pt.22 

Interestingly, people found that the alloy of several noble metals shows better performance than the 

single one by tuning the free energy of hydrogen adsorption (ΔGH*).
23 However, the drawback is 

still the price.  

        In order to reduce the utilization of expensive Pt, Pt alloys instead is studied as electrocatalysts 

for HER as well. These alloys mainly include Pt and 3d transition metals. In a lot of works, Pt can 

be synthesized as atomic layer in order to increase the surface active area and decrease the cost of 

the catalyst at the same time.24 The induced another kind of atoms are helpful to optimize the ΔGH* 

on Pt thus optimize HER activity. For example, to construct 3d metal on the surface of Pt (111), 

namely 3d-Pt, can make the d-band center close to the Fermi level. On the contrary, the construction 

of Pt-3d-Pt (111) makes the d-band center far away from the Fermi level.21 These calculations were 

proved by deposition of Pt or Pd on the single crystal surface of 3d metals.25-26 Because of the 

influence of the ligand field or the stress between different atoms, the catalytic property of these 

alloys are better than the single metals.27 

1.4.2 Noble Metal-Free Electrocatalysts for HER 

        From a sustainability and scalability perspective, the need for electrocatalysts composed of 

elements in high terrestrial abundance is evident. Based on this demand, people start to focus on the 

other alternative materials. At the beginning, 3d metals like nickel, molybdenum, and tungsten 

metals were tried to replace Pt, but all suffered from inferior activity and corrosion caused by the 

electrolyte.28 Following the same route of improving the activity as noble metals, researchers began 

investigating the activity of transition metal alloys instead of single metals. The “volcano” plots of 

transition metal activity (Figure 1.3) suggested that there could be synergistic benefits of using alloy 

or multimetallic electrodes that could, through the cooperative interactions of metal species with 

differing ΔGH*, emulate or even improve upon the highly active surfaces of noble metal 

electrodes.29-31 Specifically, alloying of transition metals is expected to tune the d-band center, 

Fermi level energy, and interatomic spacing, all of which could impact ΔGH* and then improve 

HER.32 For instance, metal alloys including Ni-Mo, Ni-V, Ni-Fe, Ni-W, Co-Mo and Fe-Mo 
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exhibited higher activity toward the HER in alkaline conditions than their corresponding single 

metals.33-34 Inspired by these results, people are trying alloys with more kinds of metals like ternary 

Ni-Mo-Cd,35 Ni-Mo-Zn,36-37 or even quaternary alloys.38 Consequently, they also show 

improvement in HER though the stability is still a problem to be solved. 

 
 

Figure 1.3. Exchange current density for the HER at different transition metal surfaces plotted as a 

function of the free energy for ΔGH*.
39  

        To solve the problem of corrosion from the electrolyte with extreme pH environment, people 

try to replace the transition metals with the transition metal compounds. Despite their prevalence as 

industrial catalysts, the binary transition metal oxides generally do not find use as electrocatalysts in 

HER due to their poor electrical conductivity and low chemical stability particularly in acidic 

conditions.40 Instead, most of the oxides were used as HER electrocatalysts together with other 

materials to improve the conductivity and avoid the low pH electrolyte such as NiO/Ni 

heterostructures41 and CoOx/N-doped carbon hybrids.42 In order to avoid the disadvantages of 

oxides, other kinds of transition metal compounds are researched as well. Among these compounds, 

transition metal chalcogenides make up the largest class of electrocatalysts. For HER, the most 

well-known example among them is MoS2. This layered material shows amazing performance in 

HER as bulk natural crystals or nanomaterials because its sulfided Mo-edges were active for the 
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HER with suitable ΔGH* ∼ 0.1 V, close to those of several efficient HER electrocatalysts including 

Pt.43-44 Following the success of MoS2, research attention has also been extended to several other 

layered transition metal chalcogenides such as WS2, MoSe2 and WSe2.
45 Interestingly, MoSe2 is 

found as the best one among these layered structures as proved by calculation and experiments 

because it has the most thermoneutral ΔGH* for both metal and chalcogen edges.46-47  

        Except these layered materials, other transition metal chalcogenides or their alloy 

chalcogenides were also investigated and emerged as new efficient electrocatalysts. In recent years, 

research attention has been extended to these various materials. These Ni-, Co- or Fe- based 

chalcogenides are synthesized into different shapes, sizes or combined with different structures in 

order to improve the catalytic properties.48 As shown in Figure 1.4, these first-row transition metal 

chalcogenide electrocatalysts have low overpotential at 10 mA/cm2 as HER electrocatalysts. To 

these chalcogenides, a similar mechanism should be responsible for the enhanced HER catalytic 

property like Mo and W chalcogenides. As to influence of the chalcogens, when the hydrogen 

desorption is considered as the determined step, selenides of Fe, Co and Ni stand ahead of sulfides, 

as the strength of Se-H bond is smaller than S-H bond, which means H2 is easier to dissociate from 

Se. Moreover, the decreased electronegativity of Se makes the selenides more conductive, which is 

helpful for the charge transfer thus enhancing the HER activity.  

 

 
Figure 1.4. Comparison of the performance of various transition metal chalcogenides HER 

electrocatalysts in (a) acidic and (b) alkaline media.48,49 

        Besides, transition metal carbides, nitrides, phosphides, borides and even metal-free catalysts 

are also studied as HER catalysts with promising properties.50 Figure 1.5 shows a brief summary of 

HER activities of different materials.51 
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Figure 1.5. Summary of HER activities of different HER electrocatalysts. 

1.4.3 Noble Metal Electrocatalysts for OER  

        The earliest research on electrocatalysts for OER traces back to 1960s, and most of the 

catalysts are noble metals. According to the experiments, different noble metals in acidic solutions 

display the following role on OER: Ru > Ir > Pd > Rh > Pt.52 With high voltage, these metals are 

oxidized slowly. The oxides of these noble metals are still active in OER, while the stability from 

oxidization is the opposite of the catalytic activity of the corresponding oxides. For example, Pt is 

the most stable catalyst from being oxidized and Ru is the least stable. However, γ-RuO2 shows 

better OER activity than any other materials till now in both acidic and alkaline solution, thus it is 

usually used as a reference catalyst in a host of researches.53 Tremendous research was focused on 

the RuO2 for OER and the results indicate that the catalytic activity of RuO2 is strongly related to its 

physical and chemical properties such as local electron structure, phase, frictional factor and 

porosity.54-55 When the voltage is more than 1.4 V, RuO2 under acidic condition can be oxidized to 

RuO4 which can be dissolved in the electrolysis slowly. Another kind of noble metal oxide, IrO2, is 

more stable than RuO2 under high voltage, but it needs more potential than RuO2 with the same 

current density. Similar as the catalysts in HER, an important strategy to improve the properties is 

alloying. Ru-Ir alloy and the oxide alloys are also reported to have better catalytic activity and 
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stability than the single ones. In order to maintain a mixture of oxidation state of Ru (III-IV) and 

restrain the corrosion, tin (Sn) or tantalum (Ta) are also added to design ternary metal oxides with 

better catalytic activity and stability like RuIr0.5Ta0.5Ox and Sn0.5Ru0.25Ir0.25O2.  

1.4.4 Noble Metal-Free Electrocatalysts for OER 

        There are three main groups of inorganic electrocatalysts for OER except noble metal families. 

The first and the most widely studied group is the metal oxides. The metal oxides active for OER 

are mainly classified to three branches according to their structures: perovskites, spinels and layered 

transition metal oxide structures, and the main atoms behaving as active sites in these oxides are 

transition metals, mostly Ni, Co, Mn and Fe.8 Meanwhile, a large amount of research also proves 

the introduction of different kinds of elements into the single structures can enhance the OER 

activity significantly. However, the poor conductivity and the stability in the acidic electrolytes limit 

their application, thus attention was focused on other compounds with promising properties. 

        The second group is metal chalcogenides. Till now, most of the metal chalcogenides for OER 

are Ni- or Co- based sulfides and selenides. These materials commonly exhibit robust properties 

and comparable OER activities to the oxides because of the better conductivity and stability in a 

wide range of pH values. Similar as transition metal oxides, the OER activity has a compact 

relationship with the structures of transition metal chalcogenides. It is found that the 

monochalcogenides and the dichalcogenides are very promising candidates for OER. In 

monochalcogenides, the reported overpotential arranges from 200 to 400 mV at 10 mA/cm2, which 

is better than the transition metal oxides. Besides, the partial or total oxidation are usually observed 

by characterizing the catalysts after OER. For example, the formation of NiOOH was found on the 

surface of NiS microsphere after the long-term OER test, and the NiOOH@NiS was believed as the 

active center for the OER.56 Similarly, the surface of (Ni, Co)0.85Se nanotubes is also oxidized to 

ion-permeable oxides/hydroxide, meanwhile the metallic (Ni, Co)0.85Se under the oxidized surface 

can boost electron transportation of the insulating oxides/hydroxide surface.57 While in other 

literatures, the chalcogenides are found to become oxides totally with higher surface area compared 

to the directly synthesized oxide catalysts, resulting in a superior catalytic activity.58 Oxidation 

phenomena were also found in dichalcogenides and similar mechanism is shared with 

monochalcogenides.59 Inspired by this idea, the hybrid materials between oxides and chalcogenides 

were also synthesized for OER, and the results are promising.60-62 It should be mentioned that the 

oxidation of the catalysts during OER is not always observed in metal chalcogenides. For instance, 

the ultrathin CoSe2 nanosheets made by Liu et al. were reported to provide Co vacancies on the 

surface as active sites for OER instead of phase transformation.63  Luo et al. investigated the NiS 

microarchitectures and verified that the phase was still NiS after OER.64 Besides, other structures 
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like Ni3Se2,
65 Co3S4,

66 and Ni3S2
67 are also utilized for OER due to their excellent 

electroconductivities and chemical resistance against acid/alkaline electrolyte. However, most of 

these metal-rich compounds are not oxidized, instead in these chalcogenide deficient phases there 

are full of metal-metal bond which can be further modified through solid state chemistry approaches 

to optimize the catalytic efficiency.  

        Except for these binary chalcogenides, more and more multielemental transition chalcogenides 

are also designed for better performance in OER. They have the same structures as their 

corresponding binary materials but the performance was improved, and the synergistic effects of 

different elements might play critical roles in affecting the OER activity.59, 68 Moreover, 

decoration,60, 69 doping70-71 or heterostructures72 are also developed to modify the activity. The aims 

of these methods are either increasing the dispersion of the catalysts in order to increase the 

effective surface area, or tuning the electronic configuration to benefit the electron transfer 

efficiency. Figure 1.6 provides a summary of OER performance of some transition metal sulfides 

and selenides.48, 68-69, 71, 73-78 

 
Figure 1.6. Comparison of the performance of various transition metal (a) sulfide and (b) selenide 

OER electrocatalysts in alkaline media. 

        The last group is transition metal pnictides. It was revealed that in some cases, a thin metal 

oxide layer forms during OER on the surface of the pnictides, which has similar mechanism as that 

in metal chalcogenides.79-80 Also, people find that with higher ratio of metal inside the compounds, 

the electroconductivity can be increased and thereby more active for OER. For example, the 

electroconductivity and the OER performance of Co2N, Co3N and Co4N follow the following role: 

Co2N < Co3N < Co4N.81 Some approaches are also tried to enhance the electrocatalytic performance 

such as combining with conductive substrates,82 decoration,83 doping22 or alloying,84-85 and a 

remarkable improvement was shown. Nevertheless, in some pnictides, the performance was found 

rapidly dropped and seems not stable, thus further study is still necessary on metal pnictides. Figure 

1.7 shows a brief summary of OER activities of different materials.53 
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Figure 1.7. Overview of the state of the art for the oxygen evolution reaction in (a) acid media and 

(b) alkaline media of different materials. 

1.5 Synthetic Strategies of Micro/Nano Transition Metal 

Compounds as Electrocatalysts  

        There are two main routes of synthesizing the micro/nano materials: top-down methods and 

bottom-up methods. For the noble metal-free electrocatalysts, many methods have been employed 

to prepare the materials with various kinds of structures, sizes, morphologies and compositions. 

Among them, liquid exfoliation is a typical top-down method, while hydrothermal or solvothermal 

method, colloidal synthesis, electrodeposition, template-direct method are all popular bottom-up 

approaches in nanotechnology. The synthesis of noble metal-free electrocatalysts has been achieved 

by following one or a mixture of these procedures in hope of a modification of the electrocatalysts 

in nanostructuring, chemical properties, structures and compositions.  

1.5.1 Exfoliation 

         Exfoliation is a typical method used for synthesizing layered materials, such as MoS2, WS2, 

MoSe2.
86-87 The main design thought is to break the relatively weak bond between the layers inside 

the bulk materials to obtain single-layer or multi-layer nanosheets. There are physical way and 

chemical way to achieve the exfoliation.88 Physically, sonication is a commonly used method to 

split the bulk materials, and the results depend on the kinds of the solvents.89 It was suggested that 

when the surface energy of the solvent matches with that of the layered material, the enthalpy of 

exfoliation minimized. Chemically, it is found in the lithium battery, when the layered materials are 

used as cathodes, the lithium interaction process allows Li atoms to insert in the structure of the 

layered materials (for example from MoS2 to LixMoS2).
90 Then the Li-contained compound reacts 

with water, and H2 is generated between the layers and separate the layers. Exfoliation can produce 

the nanosheets with large quantity, but the reaction time is too long (for example 3 days).91-92 
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1.5.2 Colloidal Synthesis 

        Colloidal synthesis is a typical bottom-up method to acquire different kinds of nanocrystals. At 

the beginning, it was used to prepare inorganic semiconductors like CdSe.93 Since then a lot of 

high-quality nanoparticles were developed based on the mechanism of this method and used in all 

the application field in nanotechnology including electrocatalysis in water splitting. In principle, the 

precursors of the products are mostly from organic compounds, which are easy to decompose under 

high temperature (100-400 °C) or dissolve in the organic solvent (for example 1-octadecene, ODE). 

Additional chemicals are needed in target of controlling the size, morphology, dispersion, or 

reducing or oxidizing the precursors, depending on the specific requirement. Mechanistic insights 

show that there are two main steps in the reaction: nucleation stage and growth stage. In the former 

step the monomers from the precursors aggregate to form nucleis, and in the later step the nucleis 

constantly collect the monomers in the mixed solvent to grow up (Figure 1.8). It should be 

highlighted that not all types of precursors can form the objective nanocrystals, the reaction follows 

the “HSAB” theory, namely hard/soft acid-base theory. The “acid” here refers to Lewis acid which 

means any species possessing a vacant orbital capable of accepting an electron pair, and the “base” 

is a Lewis base which refers to any species capable of donating an electron pair into a vacant orbital 

in a Lewis acid. In principle, hard Lewis acids prefer connecting with hard Lewis bases, while soft 

Lewis acids prefer soft Lewis bases. Furthermore, the key parameters like the amount of the 

precursors, ligands and solvents as well as the reaction time and temperature can be tuned to control 

the size distribution, composition and morphology.  

 

 
Figure 1.8. Scheme of the mechanism of colloidal synthesis. 

        Among the noble-metal free electrocatalysts, transition metal phosphides are commonly 

synthesized by colloidal synthesis. For example, Huang et al. reported the synthesis of Co2P 

nanorods by the thermal degradation of cobalt(II) acetate and triphenylphosphine in the presence of 

oleylamine.94 The obtained Co2P nanostructures have relatively narrow size and shape distributions, 

which are controlled by oleylamine, a popular capping ligand used in colloidal synthesis. Besides, 

parameters like the kinds and amount of precursors, reaction time and temperature are also changed 

to acquire cobalt phosphides with different phases, sizes and morphologies, and all of them show 

good properties in either HER or OER.95-96 Except for cobalt phosphides, iron phosphides and 

nickel phosphides are also investigated with different phases, sizes and shapes to improve the 
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properties in electrocatalysis.97-98  

        Although the colloidal synthesis is a very effective route for the synthesis of high-quality nano 

scale electrocatalysts, some disadvantages still exist. For example, the main drawback of the 

samples from colloidal synthesis is the organic ligands on the surfaces since large amount of 

organic solvents and surfactants are used in most syntheses. Fortunately, these organic ligands can 

be removed by annealing or ligand stripping. Nowadays, this simple one-step synthesis has received 

great of interest in fabricating chalcogenides such as Cu2-xSe,99 WS2,
100 ZnS101 Ag2S

102 and MoS2(1-

x)Se2x
103 with precisely controlled sizes and morphologies. This trend indicates that the colloidal 

synthesis may be one of the effective routes for the controlled preparation of chalcogenide 

nanocrystals which have a big potential in economic noble metal-free electrocatalysts.  

1.5.3 Hydrothermal/Solvothermal Method 

        Hydrothermal/Solvothermal method has been used in nanotechnology for a long time to 

fabricate different kinds of materials applied in different fields. The scheme of this method is to 

create a sealed environment with high pressure and high temperature by special reaction vessels (for 

example Teflon-lined stainless steel autoclaves) for the monomers to promote the reaction. The only 

difference between hydrothermal method and solvothermal method is the solvents used. For 

hydrothermal method, H2O is used to mix all the precursors, and the temperature is usually higher 

than 100 °C to sustain the pressure by the vapor from H2O. A big advantage of using H2O as solvent 

is some hydrophilic coordinating molecules like polyvinylpyrrolidone (PVP) can disperse in the 

mixture well to adjust the growth of the materials. In the field of noble metal-free electrocatalysts, 

this method is widely applied to synthesize transition metal compounds with different sizes, shapes 

and compositions including oxides/hydroxides,104-106 chalcogenides,107-108 phosphides,109-110 

nitrides, carbides, borides and so on. Except for H2O, other organic solvents can be also chosen if 

the reactants are hydrophobic like long-chain ligands. Another difference of solvothermal method 

from hydrothermal process is that with the organic solvents the reaction temperature can be higher 

than that in hydrothermal method (usually 100-250 °C), so some reactions requiring high 

temperature can be performed. By solvothermal method, a wide range of electrocatalysts can be 

also fabricated like lamellar mesostructured CoSe2 nanobelts,111 CoP hollow microspheres,112 Mo2C 

microwires,113 porous NiCo2S4 mircoflowers77 and so on. Moreover, mixed solvent method is also 

applied based on the physical and chemical properties of the reagents. Actually, from the above 

examples it is not hard to notice that by hydrothermal/solvothermal method, the particles are usually 

on micro scale, and the size distribution is not easy to control (can be from nanoscale to 

microscale). Besides, the nucleation and growth process are not as clear as that of the colloidal 

synthesis. Because of the sealed “black box” system, the actual parameters like reaction temperature 
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and pressure are uncertain, thus the production of controllable nanoparticles is more dependent on 

experience.  

1.5.4 Electrodeposition Method 

        Electrodeposition method is a widely used process for making films with high quality, and 

these films are usually constructed by nanoparticles. In general, the electrochemical process is made 

use of to attract the target ions to from the electrolyte to form specific nanomaterials including 

metals or metal compounds. The nucleation and growth step in electrodeposition are determined by 

several parameters. According to the literature, high cathode overpotential, high amount of adsorbed 

atoms on the substrate and low migration rate of the adsorbed atoms on the surface can cause a 

large amount of the formation of the crystal nucleus and hindrance of the growth thus resulting in 

particles with smaller size. Using electrodeposition method, a lot of interesting electrocatalysts are 

synthesized such as Co(OH)2 nanosheets covered by polyaniline114, Co-C-N film115 and so on for 

HER, and Ni borate film,116 Mn oxide films with different phases,117 Ni3Se2 film
65 and so on for 

OER. However, the disadvantage is also apparent for this method: the voltage and the current are 

not stable enough to make materials with uniform structure, composition or morphology, which 

may influence the properties of the productions.  

1.5.5 Chemical Vapor Deposition (CVD) Method 

        Different from the above methods which happen in liquid phase, CVD method is a kind of 

technique which the reaction happens between the solid precursor and the specific vapor. Basically 

three steps are included in the method: the formation of volatile substance, the transfer of the 

volatile substance and the reaction on the solid precursor. To synthesize transition metal compounds 

with this method, the ordinary route is to prepare metals or metal oxides as the solid precursor while 

the nonmetallic anions are vaporized from the simple substance (for example S and Se) or thermal 

decomposition of the compounds containing the required elements (for example the N in NH3). The 

electrocatalysts prepared by this method can be classified by the source of several mainly used 

volatile reactants, since the chemicals with relatively low sublimation point /boiling point or easy to 

decompose are always the favorable choice. Nowadays there are a plenty of reports about 

electrocatalysts synthesized by CVD method, and most of them are transition metal nitrides from 

NH3,
118 sulfides from H2S,119-120 selenides from Se powder.121 Moreover, by partial reaction with the 

original materials, some heterostructures can be obtained like MoS2-MoO3 core-shell microwires.119 

It should be noticed that although the temperature for producing the vapor may be not so high, the 

temperature for the solid-vapor reaction can arrange from 400-800 °C. Under this temperature 

arrangement, the size of the materials is always on micro scale. Besides, the reaction speed is slow 
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comparing to other methods, which limits its application.  

1.5.6 Other Synthesis Methods 

        Except for the above mentioned main groups, some other methods for nanomaterials are also 

reported for the synthesis of transition compounds electrocatalysts. For instance, Du et al. reported 

a template-assisted synthesis of CoP nanotubes for HER.122 Zhang et al. obtained Co-Mo-N porous 

fil by N2-plasma-activation method,123 Zhang et al. constructed a hybrid of cobalt encapsulated by 

N, B codoped ultrathin carbon cages constructed by a bottom-up approach using metal organic 

frameworks.124 All these methods provide new possibilities in synthesis of transition metal 

compounds in electrocatalysis. 

        Meanwhile, in order to obtain materials with better performance, scientists have designed 

combinations of several methods to fabricate electrocatalysts with better control of compositions, 

structures or morphologies.125-127 These strategies are helpful to improve the properties but at the 

same time the multisteps increase the risk of reproduction and difficulty in synthesis of the 

materials. 

1.6 Topic Basis & Thesis Structure 

         Based on the introduction in the above sections, in this thesis, different types of noble metal-

free electrocatalysts for HER and OER are designed and synthesized. The colloidal synthesis is 

applied for fabricating the electrocatalysts with wanted modification. These catalysts are tested 

under different experimental conditions to research the electrochemical water splitting properties to 

prove their catalytic ability and stability in different electrolytes. Furthermore, the influence of the 

experimental factors and the mechanism behind the electrcatalytic reaction are studied to better 

understand the electrocatalytic water splitting system. Most important of all, the research on these 

noble metal-free electrocatalysts has great significance in relieving the energy crisis we are facing 

now. 

         In the third chapter, we explored the synthesis of binary and ternary transition metal 

chalcogenides (NiSe, CoSe and Ni-Co-Se) by colloidal synthesis. Via trying different parameters, 

we found the influence of these parameters on the structure and morphology. The experience from 

these trials are significant on the next design of fabrication of different kinds of transition metal 

chalcogenides electrocatalysts. Based on this experience, the experimental parameters are tuned to 

obtain the target samples. Then the electrochemical test was done for a group of samples with 

different Ni/Co ratio and the mechanism was studied. 

          In the fourth chapter, we alloyed the anions to make quaternary transition metal 

chalcogenides (Ni-Co-S-Se) and tested the electrocatalytic properties. By doing high resolution 
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transmission electron microscopy (HRTEM) characterization, we found that the quaternary system 

contains a lot of defects inside the nanoparticles, which may be the reason of the superb 

electrocatalytic performance.  

         In the fifth chapter, we used doping method and synthesized Ru doped CoSe NCs since Ru is 

a relatively cheaper one among the noble metals. The electrochemical test shows that with Ru 

dopant, the HER performance is improved dramatically, and the further analysis reveals that the 

addition of Ru improved the charge transfer speed thus improved the HER activity. 

         In the sixth chapter, we summarized the results of the previous experiments and provided the 

perspective of the development of inexpensive electrocatalysts for HER and OER. 
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Chapter II Experimental Section 

This chapter introduces the chemicals, methods and measurement techniques that have been 

employed to synthesize and test all the transition metal based compounds shown in this thesis. 

2.1 Chemicals 

The chemicals used in this thesis are all listed in Table 2.1. It should be mentioned that all the 

chemicals are used directly without any further treatment unless it is declared in the thesis. 

Table 2.1. Reagents used in the synthesis. 

Chemicals Suppliers Functions Reactions 

applied 

Nickel(II) chloride (NiCl2, 98% purity) Sigma Aldrich Ni precursor Colloidal 

synthesis Nickel(II) acetylacetonate (Ni(acac)2, 95% 

purity) 

Sigma Aldrich Ni precursor 

Cobalt(II) chloride (CoCl2, 97% purity) Sigma Aldrich Co precursor 

Cobalt(II) bromide (CoBr2, 99% purity) Sigma Aldrich Co precursor 

Cobalt(II) iodide (CoI2, 95% purity) Sigma Aldrich Co precursor 

Cobalt(II) acetylacetonate (Co(acac)2, 97% 

purity) 

Sigma Aldrich Co precursor 

Selenium powder (Se, 99.99% purity) Alfa Aesar Se precursor 

1-dodecanethiol (DDT, 98% purity) Sigma Aldrich S precursor 

Ruthenium(III) chloride (RuCl3, Ru content, 

40.00-49.00%) 

Sigma Aldrich Ru precursor 

1-octadecene (ODE, technical grade, 90%,) Sigma Aldrich Solvent  

Octyl ether (99% purity) Sigma Aldrich Solvent 

Oleylamine (OAm, 70% purity) Sigma Aldrich Surfactant 

Oleic acid (OAc, technical grade, 90% 

purity) 

Sigma Aldrich Surfactant 

Octadecyl phosphonic acid (ODPA, >99% 

purity) 

PCI Synthesis Surfactant 

Hexyl phosphonic acid (HPA, >99% purity) PCI Synthesis Surfactant 

Trioctylphosphine (TOP, 90% purity) Sigma Aldrich Surfactant 

Trioctylphosphine oxide (TOPO, 90% Sigma Aldrich Surfactant 
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Chemicals Suppliers Functions Reactions 

applied 

purity) 

Toluene (99.7% purity) Sigma Aldrich Dispersant 

Ethanol (99.8% purity) Sigma Aldrich Precipitator/ 

Solvent 

Colloidal 

synthesis/ 

Electrochemical 

measurement 

Distilled water (H2O)  Solvent/ 

Electrolyte 

Electrochemical 

measurement 

 Potassium hydroxide (KOH, 86% purity) Sigma Aldrich Electrolyte 

Sulphuric acid (H2SO4, 95-98% purity) Sigma Aldrich Electrolyte 

Nafion® 117 solution (~5% in a mixture of 

lower aliphatic alcohols and water) 

Sigma Aldrich Dispersant 

Carbon black (99+% purity) Alfa Aesar Conductor 

Fluorine-doped tin oxide glass substrates 

(FTO, surface resistivity ∼7 Ω/sq)* 

Sigma Aldrich Substrate 

Titanium foil (99.7% trace metals basis)* Sigma Aldrich Substrate 

* The substrates are immersed in isopropanol and acetone (1:1) for at least one day before using. 

2.2  Characterization of Samples  

X-ray Diffraction (XRD). XRD patterns were obtained using a PANalytical Empyrean X-ray 

diffractometer equipped with a 1.8 kW Cu Kα ceramic X-ray tube and a PIXcel3D 22 area detector 

operating at 45 kV and 40 mA. The diffraction patterns were collected in air at room temperature 

using parallel-beam geometry and symmetric reflection mode. All XRD samples were prepared by 

drop casting a concentrated solution of NCs on a zero-background quartz substrate. XRD patterns 

were processed by HighScore 4.1 software from PANalytical and they were compared to the 

powder diffraction database from the inorganic crystal structure database (ICSD). 

Elemental Analysis. Detailed elemental analysis was carried out via inductively coupled 

plasma optical emission spectroscopy (ICP-OES) using an iCAP 6500 Thermo spectrometer. All 

chemical analyses performed by ICP-OES were affected by a systematic error of about 5%. The 

samples were decomposed overnight in aqua regia (the ratio of HCl to HNO3 was 3:1 (v/v)) prior to 

the ICP measurements.  

Electron Microscopy. The samples were prepared by dropping dilute solutions of NCs onto 

carbon film-coated 200 mesh copper grids for low-resolution transmission electron microscopy 
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(TEM) and ultrathin carbon/holey carbon coated 400 mesh copper grids for high resolution TEM 

(HRTEM). Low-resolution TEM measurements were carried out on a JEOL JEM-1011 transmission 

electron microscope operating at an acceleration voltage of 100 kV. HRTEM, selected area electron 

diffraction (SAED) analyses and energy dispersive spectroscopy (EDS) were performed on a JEOL 

JEM-2200FS microscope equipped with a Schottky emitter operating at 200 kV, a CEOS spherical 

aberration corrector for the objective lens, an in-column energy filter (Omega-type), and a Bruker 

Quantax 400 EDS system with an XFlash 5060 detector. Scanning electron microscopy (SEM) with 

energy-dispersive x-ray spectroscopy (EDS) analyses were performed on electrodes coated with a 

10 nm gold layer using a FEI NanoLab 600 dual-beam system. 

X-ray Photoelectron Spectroscopy (XPS). XPS analyses were performed on samples before 

and after OER, using a Kratos Axis UltraDLD spectrometer equipped with monochromatic Al Kα 

source operated at 15 kV and 20 mA. Survey scan analyses were carried out with an analysis area of 

300×700 μm and a pass energy of 160 eV. High-resolution analyses were carried out with and the 

same analysis area and a pass energy of 20 eV. The Kratos charge neutralizer system was used on 

all specimens. Spectra have been charge corrected to the main line of the carbon 1s spectrum 

(adventitious carbon) set to 284.8 eV. Spectra were analyzed using CasaXPS software (version 

2.3.17). 

Thermogravimetric analysis (TGA). The data were acquired using TA TGA-Q500 V20.13 

Build 39 thermogravimetric analyzer at a heating rate of 5 °C/min under slow nitrogen flow. 

        Fourier Transform Infrared Spectroscopy (FTIR) Analysis. The samples were obtained by 

mixing the dry powder with a KBr powder using a sample/KBr ratio of 1% in weight (i.e. 1 mg of 

NCs and 100 mg of KBr). The resulting mixture of powder was put in a die and pressed for 3 

minutes with 3 Tons, producing a 12 mm diameter disk. The disks were analyzed using a FTIR 

Vertex 70v, running 128 scans per sample in the 4000-600 cm-1 range, with a resolution of 4 cm-1. 

2.3 Electrochemical Measurement 

The inks used to prepare the electrodes have been prepared by dispersing colloidal NCs in 

different solvents with the desired concentration. These parameters can influence the performance 

of the electrocatalysts and their influence of the final performance will be discussed for each 

system. As regarding the electrolyte, 1 M KOH or 0.5 M H2SO4 solution were chosen as the two 

main electrolytes according to different measurements. 

2.3.1 Mechanism of the Electrochemical Workstation 

An electrochemical workstation performs as the machine to characterize the electrocatalytic 

properties.  
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An IVIUM Compactstat was used for all the measurements at room temperature (25 °C). 

Briefly, inside the workstation, there is a circuit with the combination of potentiostat, galvanometer 

and electrochemical alternating current (AC) impedance test system. Outside the sealed circuit, a 

three-electrode electrolytic cell is provided for the electrochemical analysis with a reference 

electrode (RE), a counter electrode (CE) and a working electrode (WE) (Figure 2.1a). Figure 2.1b 

illustrates a schematic view of a typical electrochemical measurement circuit made of an adjustable 

voltage source (VS), an ammeter (AM), a voltmeter (VM) and an electrolytic cell. There are two 

circuits in the three-electrode system: one, composed of a WE and a RE, is used to measure the 

electrochemical reaction; the second one, made of a WE and a CE, serves to transfer the electrons in 

order to form an integrated circuit. The potential (E) between the WE and the RE is measured with 

the voltmeter, and the VS is adjusted to maintain the desired potential at WE with respect to RE. The 

resulting current (i) flowing to or from WE is measured with the ammeter (AM).  

 

   

Figure 2.1. (a) The image of the electrochemical workstation. (b) A schematic representation of 

simplified measurement circuit of the electrochemical workstation. 

Working electrode (WE). In electrocatalytic measurements, the electrodes composed of the 

active material (i.e. the samples under analysis) are called working electrodes. In this thesis, the 

WEs are made by drop casting the ink containing the NC electrocatalysts onto different substrates 

such as, FTO glasses or Ti foils, depending on different measurements. 

Reference electrode (RE). The RE is an electrode used as a point of reference in the 

electrochemical cell for the potential control and measurement. Strictly speaking, the standard 

hydrogen electrode (SHE) is the primary standard electrode in electrochemistry, and the potential of 

SHE has already become the standard zero potential at all temperatures and a reference for all the 
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electrochemical oxidation and reduction half reactions. The concept of SHE is defined under ideal 

conditions: it is the electrode formed by platinized Pt electrode in an ideal solution with the 

hydrogen ion (H+) activity of 1 M. In reality, the “solution with the hydrogen ion (H+) activity of 1 

M” does not exist. To avoid this strict requirement, a reversible hydrogen electrode (RHE) has 

replaced the SHE in recent years replaces becoming the well-accepted standard reference 

electrode.1 It is related to the pH value and can be calculated by Nernst equation: 

ERHE = ESHE (0) – 0.059×pH (at 25 °C) 

However, considering that the RHE is also hard to achieve during the actual measurement, 

some other electrodes which are stable are actually used as RE for evaluating the potential of the 

WE. First of all, the potential of these REs is precisely confirmed compared to the RHE. Then by 

comparing the potential difference of the RE with the WE, the potential of WE can be calculated. 

The commonly used REs include the calomel electrode and the Ag/AgCl electrode, with the latter 

being the one used in this thesis. To convert the voltage to RHE from Ag/AgCl electrode in different 

pH values of electrolytes, the following formula is applied: 

ERHE = EAg/AgCl + E0
Ag/AgCl + 0.059×pH  

        = EAg/AgCl + 0.197 + 0.059×pH 

Where 0.197 is the potential of Ag/AgCl electrode (KCl saturated solution, 3.5 M) at 25 °C. 

Counter electrode (CE). CE constructs the circuit together with the WE and provides a fluent 

route for the electric current. In the cathode reaction, such as the OER, the CE functions as the 

anode, while for the anode reaction, like the HER, the CE functions as the cathode. The CE has to 

be inert in when immersed in the electrolyte in order to avoid any undesired electrochemical 

reaction. Also, the CE has to have a larger surface area than the WE to reduce the current density, 

thus the polarization of the CE becomes less possible. Typical electrodes, which fulfill these 

requirements are made of Pt wires, nets or plates. Sometimes metals such as Ag, Ni, W or Pb are 

also applied as CEs because they can keep stable in the specific electrolytes. In our measurements, 

the graphite rods are also used as CEs, thanks to their stability in both acidic and alkaline 

conditions. 

2.3.2 Mechanism of the Electrochemical Measurements 

Cyclic voltammetry (CV) measurements. CV measurements are performed at a certain 

potential to obtain a volt-ampere characteristic curve. For each cycle, the curve is divided into two 

linear segments. The segments are created by increasing or decreasing the potential with a voltage 

step at each interval, so that a staircase scan is applied to the cell with a defined scan rate. From the 

CV curve, we can observe some redox reactions according to the redox peaks. For example, Figure 

2.2 shows a typical CV curve of amorphous Ni(OH)2 nanospheres at various scan rates in 1 M 
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KOH.2 When the potential increases, the amorphous Ni(OH)2 nanospheres create a anodic peak 

because Ni(OH)2 is oxidized to NiOOH, which, in turn, can be reduced “back” to Ni(OH)2 when the 

potential decreases, as evidenced by the cathodic peak shown when the potential. Besides, the 

current of the peaks can increase when the scan rate increases, which is also clear in the figure. 

 

 
 

Figure 2.2. CV curves of the amorphous Ni(OH)2 nanospheres at various scan rates in 1M KOH. 

Linear sweep voltamogram (LSV) measurements. A linear potential sweep is created by 

updating the potential with a voltage step at each interval, so that a staircase scan is applied to the 

cell with a defined scan rate. Figure 2.3 shows a typical example of LSV graph from which we can 

see the change of current according to the potential. 

 

Figure 2.3. An example of LSV graph.  
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Electrochemical impedance Spectroscopy (EIS) measurements. To characterize the ability 

of the circuit to resist the flow of electrical current in the whole system, we use EIS measurements.3 

Usually, a sinusoidal test voltage or current is applied to measure the impedance over a suitable 

frequency range. In the EIS measurements of this thesis, a range of frequencies is applied at a sine-

wave voltage, which can be expressed by the following formula: 

Et = E0 sin (ωt) or Et = E0 exp (jωt) (Eulers relationship) 

Where Et is the potential at time t, E0 is the emplitude of the signal, and ω is the radial 

frequency. Additionally, ω has the following relationship with the frequency expressed in Hertz: 

ω = 2πf. 

The response signal It is also in sinusoidal mode with a shift of phase (φ): 

It = I0 sin (ωt + φ) or It = I0 exp (jωt - φ) (Eulers relationship) 

Then the impedance Z can be calculated as follows: 

Z = 
𝐸𝑡

𝐼𝑡
 = 

𝐸0  sin(𝜔𝑡)

𝐼0  sin(𝜔𝑡+ 𝜑)
 = Z0 

sin(𝜔𝑡)

sin(𝜔𝑡+ 𝜑)
 = Z0 (cosφ + jsinφ)  

Eventually, Z can be represented as a complex number. By collecting the Z values under 

different frequencies and setting the real part (Z’) and the imagination part (Z’’) as x and y arrows, 

respectivley, we can obtain the Nyquist plot.4 For instance, Figure 2.4a is a typical Nyquist plot 

recorded from an electrolytic cell with one plate electrode (for example the WE in electrocatalysis) 

with an applied potential. Each dot from the “half circle” is the value under specific frequency, and 

from left side to right side the frequency decreases according to the setting. Moreover, from the 

Nyquist plot, we can model an equivalent circuit by using the basic electric elements such as 

capacitor, resistor and inductors to fit the dots (see the line connecting the dots). The upper part of 

Figure 2.4a shows the corresponding equivalent circuit. When Z’’ is equal to 0, the Z’ values of the 

two dots correspond to Rs and Rs + Rct, thus it is clear to obtain the values of Rs and Rct which are 

important resistances for analyzing the property of the plate electrode. In order to match the real 

experimental environment with the modeling circuit, a scheme of a plate electrode is shown in 

Figure 2.4b. The Cdl stands for double layer capacitance which is formed by the electrolyte and the 

sample layer, Rs is the system resistance which is mainly form the electrolyte, and Rct represents the 

resistance on the electrode. 
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Figure 2.4. (a) A typical Nyquist plot of a electrolytic system contains one plate electrode. (b) The 

scheme of the plate electrode. 
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Chapter III Synthesis of Cation Alloyed Ternary Ni-

Co-Se NCs and Their Application in HER and OER 

3.1 Introduction 

As previously discussed in Chapter I, Ni- and Co- based chalcogenides sparked great interest 

owing to their promising properties in both HER and OER. Till now, many efforts have been taken 

to synthesize binary and ternary transition metal chalcogenides and the alloy of the transition metal 

in the complexes were reported to be more catalytically active in HER and OER than the materials 

without alloy. For example, NiCo2S4 Nanowires,1 Ni0.89Co0.11Se2 nanosheets,2 and Co0.59Ni0.41S2 

microcrystals3 have been identified as promising candidate HER electrocatalysts, having higher 

performance than their binary compounds. On the other hand, it has also been shown that the OER 

performances of such materials can be tuned via composition control, namely by modulating the 

Co/Ni elemental ratio in the catalyst. Liu et al. reported that the OER catalytic activity of 

NiCo2S4@graphene core@shell nanosheets was considerably higher than that of Ni3S4@graphene 

and Co3S4@graphene counterparts.4 Xia et al. showed that Ni-doped Co0.85Se nanotube arrays were 

much more efficient and durable electrocatalysts in alkaline media than undoped Co0.85Se.5 In a 

recent study by our group, we also found that ternary NiCoSe4 hollow microparticles exhibited an 

improved OER activity with respect to the binary CoSe2 ones.6 The improved performances 

observed in these cases have been tentatively explained by considering that the presence of both Ni 

and Co causes a synergistic effect that can lead to the formation of more active sites with a lower 

activation energy.7-9 Unfortunately, it is still unclear what the specific role of Ni and Co is in the 

HER or OER, and what the optimal Ni/Co ratio is in each system. For example, in some recent 

works on Ni-Co chalcogenide materials, improved OER performances have been reported both in 

Co-rich6, 10-12 and in Ni-rich compounds.2, 5, 13 

Furthermore, it is still being debated whether these materials act as the actual catalysts or as 

pre-catalysts, which undergo a chemical transformation under OER conditions, thus forming metal 

oxides/hydroxides.14 For example, Nath and co-workers reported that Ni3Te2, FeNi2Se4 and NiSe2 

do not undergo any degradation, oxidation or compositional change upon OER.14-16 Conversely, 

Chen et al. systematically investigated the structural evolution of different transition metal 

dichalcogenides (MX, M = Co, Ni, Fe; X = S, Se, Te) under OER, and found that they all 

underwent oxidation under operational conditions, forming the corresponding metal oxides.17 
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Similarly, Zhou et al. observed that Ni3S2 nanorods gradually transformed into hydrated nickel 

oxide when employed as OER catalysts.18 Also, different authors reported that Ni-Co-S rods, NiSe 

nanowires and NiCoSe4 hollow microcrystals were characterized by accumulated hydroxides or 

oxides species on their surface upon OER.6, 14, 19-20 However, it is still unclear which factors control 

the transformation of metal chalcogenide catalysts into their corresponding oxide/hydroxides. All 

these recent findings have motivated us to investigate not only if optimized OER performances 

could be achieved via both a cation tuning Ni-Co-Se catalysts, but also what the specific roles of Ni 

and Co elements are.  

In this chapter, we developed the colloidal synthesis to produce ternary Ni-Co-Se NCs which 

had the same crystal structure for the electrocatalytic HER and OER, respectively. Then, we 

systematically studied the transformations of such NCs during OER under alkaline conditions. Our 

findings revealed that Ni and Co based chalcogenide NCs were helpful to improve the performance 

of OER while HER was better with binary NiSe or CoSe NCs. Under OER conditions, completely 

transform into Co and/or Ni oxide/hydroxide materials, which are the actual active catalysts. It is of 

particular importance that the activity of such materials strongly depends on the composition of the 

starting chalcogenide NCs. According to species during the OER. CoSe NCs, on the other hand, 

completely transformed into active amorphous CoOx and Co(OH)x materials. Ternary Ni-Co-Se 

NCs, upon OER, turned into amorphous Ni-Co hydroxides/hydroxides, which exhibited a higher 

catalytic activity than that of the Co hydroxides/hydroxides.  

3.2 Exploration of Colloidal Synthesis of Ternary Ni-Co-Se NCs 

The synthesis of the ternary Ni-Co-Se NCs is facile with only a mixture of Ni and Co 

precursors before the reaction. By tuning the different reaction parameters (precursors, solvents, 

surfactants, reaction time, temperature etc.) we tried to achieve control over size, shape and 

composition of the resulting NCs. XRD, TEM and elemental analyses were performed to 

characterize the crystal structure, the morphology, the size and the composition of the nanocrystals, 

respectively. The electrocatalytical properties of the most promising samples were studied 

According to the ICSD database, Ni- and Co- based selenides NCs have a hexagonal structure 

belonging to the same space group and they have similar lattice parameters (Figure 3.1). Moreover, 

there are already some reports about the colloidal synthesis of NiS and CoSe NCs.21-22 Inspired by 

these reports, the achievement of Ni and Co in the selenides may have a possibility and the relative 

colloidal synthesis were designed. In a standard synthesis, Ni and Co precursors with specific ratios 

were mixed with ODE, and/or OAm, and/or OAc in a 25 mL three-neck flask with a condenser. The 

flask was placed on a heating mantle with a temperature controller, and the thermocouple was 
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inserted between the flask and the heating mantle. The mixture was stirred by magnetic stirring 

apparatus during all the reaction. First, the mixture was degassed under vacuum at 120 °C for 1 

hour to remove any moisture and oxygen. Then the N2 or Ar atmosphere was inflated into the flask 

to replace the vacuum. After that, the Se precursor was injected into the flask and the temperature 

was increased to the reaction temperature for some designed time. The black product was dispersed 

by toluene and precipitated by ethanol for at least twice, then dispersed in toluene at last. In the 

following we introduced the influence of several key experimental parameters. 

 

 

Figure 3.1. Crystal structures of NiSe, CoSe and NiCoSe2. 

3.2.1 Influence of Se Precursor 

Based on published reports, there are several types of Se precursors used in colloidal 

synthesis.23-24 We chose two kinds of Se sources with different Se═X (X = N, P) bonds for the 

experiments, and both of them are synthesized as uniform liquid complexes by simple processes. 

The synthesis methods are provided as follows: 

Synthesis of TOP-Se. 1 mmol of Se powder is added to 1 mL of TOP. Then the mixture is 

stirred at 100 °C till the color turns transparent. It should be mentioned that all the operations 

should be in glove box. 

Preparation of OAm-Se. 8 mmol of Se powder was mixed with 24 mL of OAm in a 3-neck 

flask, and the resulting mixture was degassed under vacuum at 120 °C for 1 h. The system was 

slowly heated up to 230 °C for 3 h in Ar atmosphere until the solution became transparent with an 

orange color. Eventually, the OAm-Se precursor solution was transferred to a glass vial and stored 
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in an N2 filled glovebox for further use. 

The molecular structures of these two Se precursors are shown in Figure 4.2a, b. In TOP-Se 

and OAm-Se, the Se atoms form Se═P and Se═N, respectively. While the kind of Se precursors is 

changed, other experimental conditions are the same in both experiments. The XRD and TEM 

characterizations of both samples are shown in Figure 3.2c-f. The XRD pattern of sample made by 

using TOP-Se fits the phase of a mixture of mainly NiSe and a tiny amount of Ni3Se2, while the 

sample made using OAm-Se fits NiCoSe2 with a small shift to the higher degree of 2 theta. Also 

from Figure 3.2c it is clear that the sample using TOP-Se as the precursor is prone to form Ni3Se2 

which contains less ratio of Se inside the NCs than NiSe. This means TOP-Se is probably less 

active in forming hexagonal metal monoselenide structure.  

Moreover, according to the elemental analysis from ICP, the ratio of Ni/Co is 0.92:0.04 when 

TOP-Se is used as Se precursor, which means the ratio of Co is very small inside the NCs even 

considering that the ratio of the Ni and Co precursors are 1:1. This is because the combination of 

TOP and OAc might dissolve Co2+ and slow down its rate of forming the nanoparticles. This 

phenomenon is proved by both the literature and the experiment, in which the mixture is not able to 

from any NCs with only Co precursor in the synthesis while other experimental parameters are the 

same as the ones from the TOP-Se experiment (Sample 1 in Table 3.1 ).25 Besides, it is also proved 

that the combination of TOP-Se and large amount of OAm is also possible to dissolve Co precursor 

very well resulting in not forming any NCs (Sample 2 and 3 in Table 3.1).  

From the TEM images, it is clear that the sample made by TOP-Se is characterized by 

elongated crystals with a “rod-like” shape with the length about 5 μm, while the sample made using 

OAm-Se contains mainly rounded crystals with a diameter of about 100 nm.  

Consequently, Co precursor is reactive when using OAm-Se leading, thus, to the formation of 

ternary compounds. 
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Figure 3.2. Molecular structure of (a) TOP-Se and (b) OAm-Se. (c) XRD pattern and (e) TEM 

image of NCs obtained using TOP-Se as Se precursor. (d) XRD pattern and (f) TEM image of NCs 

obtained using OAm-Se as Se precursor. Other experimental parameters: 0.5 mmol of NiCl2, 0.5 

mmol of CoCl2, 5 mL of ODE, 3 mL of OAc. After the injection of 1 mmol of Se precursor, the 

reaction was heated up to 250 °C for 1 h. 

Table 3.1. Some experimental conditions under which no NCs are formed. 

Parameters Sample 1 Sample 2 Sample 3 

CoCl2 (mmol) 0.5 0.5 0.5 

TOP-Se (mmol) 1 1 1 

ODE (mL) 5 5 5 

OAc (mL) 3 0 3 

OAm (mL) 0 8 0.5 

Reaction temperature (°C) 250 250 250 

Reaction time (h) 1 1 1 
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3.2.2 Influence of Co Precursors 

Three different Co precursors were tested in the colloidal synthesis of Co-Ni-Se NCs: CoI2, 

CoCl2 and Co(acac)2. The molecular structures of these Co precursors are shown in Figure 3.3, and 

the basicity of the anions follows the trend: Iˉ < Clˉ < acacˉ. Three comparative experiments are 

performed with only the types of Co precursors changed from CoI2, CoCl2 to Co(acac)2, and the 

other parameters being the same. It should be mentioned that according to the analysis of the last 

section, since the combination of OAc and TOP can slow down the activity of Co, the surfactant Se 

precursor are changed to suitable amount of OAm and OAm-Se, respectively. The XRD patterns of 

these three samples obtained with different kinds of Co precursors have the same crystalline 

structure corresponding to hexagonal NiSe (ICSD: 29310) with a slight shift to higher 2 theta, 

which is consistent with the shrinkage of the crystal structure which occurs when replacing Ni2+ 

(0.69 Å) with smaller Co2+ (0.61 Å) cations. The ICP elemental analysis shows that the content of 

Co increases from 7% (compared to Se), 15% to 20% when the Co precursors changes from CoI2, 

CoCl2 to Co(acac)2. This increase of the ratio of Co in the content might result from the different 

basicity of the anions. Probably the basicity of acac- is the most suitable one in the same 

experimental condition so Co(acac)2 is the most active one among these three Co precursors.  

The TEM pictures show that all the samples have smaller size comparing to the last 

experimental group (Figure 3.2). This is probably because the reaction time is reduced, as it will be 

discussed afterward. Specifically, by using CoI2 and CoCl2, the size of the NCs is around 50 nm, 

while the size can be reduced to ~30 nm when Co(acac)2 is used as the Co precursor. 

According to the above analysis, although the crystal structure and morphology have no clear 

change, the Co(acac)2 which is helpful to alloy more ratio of Co inside the compound is chosen as 

the Co precursor eventually. 
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Figure 3.3. Molecular structure of (a) CoI2, (b) CoCl2 and (c) Co(acac)2, XRD patterns and TEM 

images of samples used (a) CoI2, (b) CoCl2 and (c) Co(acac)2 as Co precursors. Other experimental 

parameters: 0.5 mmol of NiCl2, 0.5 mmol of Co precursor, 5 mL of ODE, 6 mL of OAm. After 

degassing 1 mmol of OAm-Se was injected in the mixture, the reaction was heated up to 250 °C for 

30 min. 

3.2.3 Influence of Ni Precursor 

Similar as the strategy of studying the influence of Co precursor, Ni salts with different 

basicity of anions such as NiCl2 and Ni(acac)2 were chosen to study the influence of the Ni 

precursors. Meanwhile, the other experimental parameters remain the same. The characterizations 

of the samples are shown in Figure 3.4. Briefly, the XRD pattern of the sample produced using 

NiCl2 matches with that of bulk hexagonal NiSe, while the sample produced with Ni(acac)2 

contains the hexagonal NiCoSe2 and Co9Se8, a phase with more ratio of metal compared to 

NiCoSe2. This result was confirmed by the elemental analysis (Ni0.67Co0.6Se), in which the ratio of 

metal/selenium is 1.27:1. This is expected since Ni(acac)2 is more active than NiCl2. Surprisingly, 

although the phase of the sample used as Ni(acac)2 as Ni precursor is not pure, the Ni/Co ratio is 

more balanced than the sample used NiCl2 as Ni precursor. This might be because the Cl- in NiCl2 
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can influence the activity of Co2+ and result in a lower ratio of Co in the final product. Therefore, 

actually Ni(acac)2 and Co(acac)2 are the best combination to tune the composition easily in the 

current system, but the tuning of the crystal structure remains a problem.  

 

 

Figure 3.4. XRD pattern and TEM image of sample with (a) NiCl2 and (b) Ni(acac)2 as precursor. 

Other experimental parameters: 0.5 mmol of Ni precursor, 0.5 mmol of Co(acac)2, 5 mL of ODE, 6 

mL of OAm. After 1 mmol of OAm-Se was injected in the mixture, the reaction was heated up to 

250 °C for 30 min. 

3.2.4 Influence of Solvents 

Different types of solvents are also tested in the hope of obtaining samples with better 

morphology and more pure phase. According to the previous results, since the combination of 

Ni(acac)2/Co(acac)2 may produce a mixture in crystal structure, the NiCl2/Co(acac)2 couple is 

chosen as Ni and Co precursors. In order to study the role of different solvents in the synthesis of 

Ni-Co-Se NCs, in the following experiments ODE is replaced by commonly used solvents for 

colloidal synthesis such as octyl ether, TOPO and OAm. The conventional characterizations are 

shown in Figure 3.5. From the XRD patterns, samples obtained using ODE and octyl ether have the 

same crystal structure corresponding to the hexagonal NiSe with a slight shift to higher 2 theta 
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because of the alloying of Ni and Co. According to the elemental analysis the Ni/Co ratio is higher 

when the solvent is octyl ether, which means octyl ether is not helpful to increase the amount of Co 

inside the compound. As the solvent is changed to TOPO and OAm, a mixture of phases are 

formed. As to the morphology, the TEM images do not show clearly the improvement in 

morphology when the solvent are changed to octyl ether, TOPO and OAm. Thus the ODE is still 

chosen as the solvent in the future research. 

 

 
 

Figure 3.5. Molecular structures of the solvent (a) ODE, (b) octyl ether, (c) TOPO and (d) OAm. 

XRD patterns and TEM images of the samples by solvent (a) ODE, (b) octyl ether, (c) TOPO and 

(d) OAm. Other experimental parameters: 0.5 mmol of NiCl2, 0.5 mmol of Co(acac)2, 5 mL of 

solvents (3 g of TOPO because it is solid), 6 mL of OAm. After 1 mmol of OAm-Se was injected in 

the mixture, the reaction was heated up to 250 °C for 30 min.  

3.2.5 Influence of Surfactants 

A variety of commonly used surfactants was tested in order to improve the control over the 

size and shape of the final NCs. Figure 3.6 shows the TEM images of the samples synthesized with 

different kinds of surfactants. It is obvious that ODPA (Figure 3.6a) and HPA (Figure 3.6b) do not 

help to form the nanoparticles with smaller size and specific shapes. When OAc (Figure 3.6c) or a 

combination of OAc and OAm (Figure 3.6d) are used, the size of the particles is increased to 

around 100 nm and the morphology turns to round spheres. By using OAm, the size can be 

controlled to less than 50 nm (Figure 3.6e), but without any surfactant the size is also similar 

(Figure 3.6f). Moreover, these two samples have the same hexagonal structure and similar 
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composition, as shown in Figure 3.6g. Unfortunately, these five surfactants are not suitable for 

improving the size or morphology. When DDT was used as the surfactant, the size of the sample 

was decreased dramatically to around 10 nm. The XRD pattern shows that the structure was close to 

Ni3S4, while the elemental analysis shows an unrelated composition comparing to the XRD pattern. 

This is probably because DDT decomposed at 250 °C and released S for constructing the crystal 

structure. This system with DDT as a surfactant and reactant at the same time will be discussed 

further in chapter IV. To conclude, the surfactants tested in this work did not have any influence in 

the size and shape control of Ni-Co-Se NCs, under the current synthesis conditions. 

 

 
 

Figure 3.6. TEM images of samples with different kinds of surfactants: (a) ODPA, (b) HPA, (c) 

OAc, (d) OAc + OAm, (e) OAm, (f) no surfactants, (h) DDT. (g) XRD patterns of the samples 

using OAm as surfactant and without surfactant. (i) XRD pattern of the sample using DDT as 

surfactant. Other experimental parameters: 0.25 mmol of NiCl2, 1 mmol of Co(acac)2, 5 mL of 

ODE, some amount of surfactant ((a) 0.05g of ODPA, (b) 0.05 g of HPA, (c) 3 mL of OAc, (d) 3 

mL of OAc + 3 mL of OAm, (e) 3 mL of OAm, (f) no surfactant and (h) 3 mL of DDT). After 1 

mmol of OAm-Se was injected in the mixture, the reaction was heated up to 250 °C for 5 min.  
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3.2.6 Influence of Reaction Time 

In order to study the influence of the reaction time, We arranged the reaction time from 1 min 

to 60 min. As expected, we found that the reaction time plays a key role in the experimental results. 

The following results are from this series of experiments to show how the reaction time affects the 

results (Figure 3.7). Figure 3.7a shows the dominating hexagonal CoSe phase (ICSD: 53959) after 1 

min of reaction, together with a small amount of CoO or NiO (ICSD: 245320) impurities because 

the cubic CoO and NiO have similar XRD patterns. After 5 min, the phase becomes pure hexagonal 

CoSe phase (Figure 3.7b). After 30 min, a new metal-rich Co9Se8 phase (ICSD: 44857) appears 

from the CoSe phase (Figure 3.7c); After 60 min, the Co9Se8 phase totally replaced the CoSe one 

(Figure 3.7d). Since the elemental analysis shows a mixture of Ni and Co in these four experiments, 

it is possible that all the above-mentioned structures have alloyed cations. According to the XRD 

results and the published reports, it can be assumed that the process begins with the thermal 

decomposition of Ni and Co precursors to form oxide seeds.26 The second step involves the 

decomposition of the oxides or the anion exchange from O2- to Se2- to form hexagonal CoSe 

structure. When the reaction time increases, more Co2+ or Ni2+ are added into the NCs and change 

the structure to cubic Co9Se8 phase (Figure 3.8).  

The ICP results of samples of 1, 5, 30 and 60 min are Ni0.45Co0.42Se, Ni0.41Co0.46Se, 

Ni0.45Co0.73Se and Ni0.44Co0.74Se, respectively. These results indicate that increasing the reaction 

time helps to increase the amount of Co in the crystals, but the influence of the reaction time is not 

as strong as the influence of the precursors and solvents. Besides, the ratio of (Ni + Co)/Se increases 

from 0.87 to1.18. These ICP results can match the results of XRD measurements except the first 

one, which should have shown (Ni + Co)/Se ratio more than 1 because of the existence of NiO and 

CoO. The reason why the sample has a (Ni + Co)/Se ratio of 0.87 may be because the oxide 

particles are surrounded by Se precursor, which might have a strong connection with the 

nanoparticles and is not easy to remove by washing with ethanol.  

TEM images in Figure 3.7 indicate that increasing the reaction time from 1 min to 60 min, the 

size of the NCs enlarges slowly from 25 nm to 50 nm in this experimental system.  

Therefore, in order to obtain sample with pure hexagonal phase and a balanced Ni/Co ratio 

inside, we need to set the reaction time at around 5 min. On the other hand, the reaction time should 

be less than 30 min otherwise the phase of the sample will change to Co9Se8 and the size of NCs 

will be large. 
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Figure 3.7. XRD patterns and TEM images of the samples after the reaction time of (a) 1 min, (b) 5 

min, (c) 30 min and (d) 60 min. Other experimental parameters: 0.25 mmol of NiCl2, 1 mmol of 

Co(acac)2, 5 mL of ODE, 3 mL of OAm. After degas 1 mmol of OAm-Se was injected in the 

mixture, the reaction was heated up to 250 °C for the specific time. 
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Figure 3.8. Schematic illustration of the probable change route of the chemical structures of the 

samples according to the reaction time. 

3.2.7 Influence of Reaction Temperature 

We studied the influence of the reaction temperature to have a further comprehension about 

this colloidal synthesis. From the XRD patterns, it is clear that different reaction temperatures lead 

to different crystal structures (Figure 3.9). Working at 150 °C the product consists of small 

CoO/NiO nanoparticles and a small amount of (Ni+Co)Se, as shown in Figure 3.9a. At 200 °C, 

there is still a mixture of oxides and selenides in the sample, and the ratio of the selenide in the 

mixture becomes dominating (Figure 3.9b). Working at 250 °C the resulting NCs have a hexagonal 

CoSe phase without any oxides impurities.  

Besides, the elemental analysis shows an increase in Ni/Co ratio, which means that at higher 

temperature the reactivity of the Ni precursor is higher than that of the Co one.  

Interestingly, the TEM image of very small NCs which are less than 5 nm for the sample 

obtained at 150 °C is shown in Figure 3.9a, and this is the morphology of the metal oxides. Figure 

3.9c shows the TEM image of the samples obtained at 250 °C, and this images reveals the particle 

size of the selenides of around 25 nm, conforming that the size of selenides is quite different from 

the size of oxides. While in Figure 4.9b, both these two morphologies are observed, proving the 

mixture of oxides and selenides, which is in accordance with the XRD results.  

These experiments prove that to get pure metal selenide NCs, the temperature should be higher 

than 200 °C, below which the Se precursor, most likely, doesn’t thermally decompose fast enough 

to release Se, so Co2+ or Ni2+ ions tends to react first with the oxygen which is from the thermal 
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decomposition of acacˉ to form oxides. However, the Ni/Co ratio will increase when the reaction 

temperature increases, so the temperature should not be higher than 250 °C in order to control the 

Ni/Co ratio in the compound and acquire pure selenide structure at the same time. 

 

 

 

Figure 3.9. XRD patterns and TEM images of the  samples under  the reaction temperature of (a) 

150 °C, (b) 200 °C and (c) 250 °C. Other experimental parameters: 0.25 mmol of NiCl2, 1 mmol of 

Co(acac)2, 5 mL of ODE, 3 mL of OAm. After 1 mmol of OAm-Se was injected in the mixture, the 

reaction was heated up to the target temperature for 5 min. 

3.2.8 Influence of Hot Injection and Heat-up Procedure 

Classical theory suggests that burst nucleation and diffusion-controlled growth are the most 

important factors for the control of the size distribution in colloidal synthesis.27 Thus hot injection is 

chosen as a typical method used in colloidal synthesis with the aim to from smaller nuclei and better 

control the growth of the NCs. We also tried hot injection method to compare with heat-up approach 

while other experimental conditions were kept the same in the comparable experiments. The results 

are shown in Figure 3.10. According to the XRD patterns of the corresponding NC products (Figure 

3.10b), with the hot injection method impurities are even induced impurities while the sample with 

the heat-up procedure remains a single hexagonal phase. The phase is also hard to control in other 

experiments with hot-injection procedure (Table 3.2). By comparing the two TEM pictures, it is 

obvious that the size does not decrease when we use hot injection method. Also in other synthesis 
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by hot-injection method, there is no observation of the improvement in the morphology (Figure 

3.11). Unfortunately, the hot injection method is improper for optimizing the results. 

 

 

 

Figure 3.10. XRD and TEM images of samples with (a) heat-up process and (b) hot injection. Other 

experimental parameters: 0.5 mmol of NiCl2, 0.5 mmol of Co(acac)2, 1 mmol of Se:OAm, 5 mL of 

ODE, 3 mL of OAm, After 1 mmol of OAm-Se was injected in the mixture, the reaction was heated 

up to 250 °C for 5 min; or the temperature reached to 250 °C then 1 mmol of OAm-Se was injected 

and the reaction lasted for 5 min. 

Table 3.2. Other experiments performed with hot-injection method. 

Sample Ni 

precursor 

Co 

precursor 

Se 

precursor 

Solvent Surfactant Reaction 

time 

Reaction 

Temperature 

Phase 

1 NiCl2  

0.5 mmol 

CoCl2  

0.5 mmol 

OAm-Se 

1 mmol 

ODE  

5 mL 

OAm  

6 mL 

5 min 250 °C NiCo2Se4 

Ni3Se2 

2 NiCl2  CoCl2  OAm-Se ODE  OAm  30 min 250 °C NiCoSe2 
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Sample Ni 

precursor 

Co 

precursor 

Se 

precursor 

Solvent Surfactant Reaction 

time 

Reaction 

Temperature 

Phase 

0.5 mmol 0.5 mmol 1 mmol 5 mL 6 mL Ni3Se2 

3 NiCl2  

1 mmol 

Co(acac)2 

1 mmol 

TOP-Se  

2 mmol 

ODE  

5 mL 

OAc 3 mL 60 min 200 °C Ni3Se2  

Ni6Se5 

4 Ni(acac)2 

0.5 mmol 

Co(acac)2 

0.5 mmol 

OAm-Se 

1 mmol 

ocytl ether  

5 mL 

OAm  

6 mL 

60 min 250 °C Ni  

Co9Se8 

5  CoCl2  

0.5 mmol 

TOP-Se  

1 mmol 

ODE  

5 mL 

OAm  

3 mL 

60 min 250 °C Co9Se8 

Co 

6 NiCl2  

1 mmol 

 TOP-Se  

1 mmol 

ODE  

5 mL 

OAm  

3 mL 

60 min 250 °C H12Cl2NiO6 

 

 

Figure 3.11. (a-f) TEM images of the six samples listed in Table 3.2. 

3.2.9 Optimization of the Experimental Parameters 

To conclude, the above experimental parameters can influence the formation of the Ni-Co-Se 

ternary NCs in terms of structure, composition and morphology. Table 3.3 gives a brief overview 

about how the parameters can influence the results. Therefore, to synthesize the ternary Ni-Co-Se 

NCs with pure hexagonal phase, controllable composition and as small size as possible, the 

following parameters are needed: suitable ratios of OAm-Se, Co(acac)2, Ni(acac)2 as Se, Co and Ni 

precursors, respectively, ODE as solvent, no surfactant, reaction time of 5 min, reaction temperature 

of 250 °C, using classical heat-up procedure as the synthesis method. 
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Table 3.3. Sumary of the influence of the experimental parameters. 

Parameters Structure Composition Morphology 

Se precursor TOP-Se metal-rich Ni/Co ↑ Rod, 5 μm length 

OAm-Se hexagon Ni/Co ↓ Sphere, 100 nm   

Co precursor CoI2 

CoCl2 

hexagon 

hexagon 

Ni/Co ↑ 

Ni/Co — 

NCs, 50 nm 

NCs, 50 nm 

Co(acac)2 hexagon Ni/Co ↓ NCs, 30 nm 

Ni precursor NiCl2 hexagon Ni/Co ↑ NCs, 50 nm 

Ni(acac)2 metal-rich Ni/Co ↓ NCs, 50 nm 

Solvent ODE hexagon Ni/Co ↑ NCs, 50 nm 

Octyl ether hexagon Ni/Co ↑ NCs, 50 nm 

TOPO metal-rich Ni/Co ↓ NCs, 25 nm 

OAm metal-rich Ni/Co ↓ NCs 

Surfactant ODPA   NCs, 50 nm 

HPA   NCs, 50 nm 

OAc   sphere, 100 nm 

OAc + OAm   sphere, 100 nm 

OAm hexagon Ni/Co ↑ NCs, 30 nm 

No surfactant hexagon Ni/Co ↓ NCs,25 nm 

DDT metal-poor Ni/Co ↓ NCs, 10 nm 

Reaction 

Time 

1 min oxide + hexagon Ni/Co ↑ NCs, 25 nm 

5 min hexagon Ni/Co ↑ 

30 min hexagon + metal-rich Ni/Co — 

60 min  metal-rich Ni/Co ↓ 

Reaction 

Temperature 

150 °C oxide (more) + hexagon Ni/Co ↓ NCs, 5 nm 

200 °C hexagon (more) + oxide Ni/Co — NCs, 5 nm and 25 nm 

250 °C hexagon Ni/Co ↑ NCs, 25 nm 

Hot Injection Method metal-rich  NCs, 50 nm 

 

Based on the above analysis, the ratio of the Ni/Co precursors was tuned to obtain a group of 

Ni-Co-Se ternary NCs with a Ni/Co ratio arrange from 0 to 1. In a typical synthesis, a desired 
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amount of Ni(acac)2 and Co(acac)2 precursors (see Table 3.4 for details) was mixed with 10 mL of 

ODE in a 3-neck flask and dried under vacuum for 1 h at 120 °C. Subsequently, 1 mmol of the as-

prepared OAm-Se solution was injected in an Ar atmosphere and the temperature was increased to 

250 °C. After 5 min, the reaction mixture was immediately cooled down and quenched with 

toluene. The resulting NCs were washed twice by precipitation upon addition of ethanol followed 

by re-dispersion in toluene.  

Table 3.4. Synthetic parameters used for the synthesis of binary NiSe and CoSe, ternary Ni-Co-Se 

NCs. The composition of the samples was measured by ICP. 

Sample Ni(acac)2 (mmol) Co(acac)2 (mmol) 

CoSe 0 1 

Ni0.3Co0.74Se 0.25 0.75 

Ni0.52Co0.56Se 0.4 0.6 

Ni0.78Co0.28Se 0.7 0.3 

NiSe 1 0 

3.3 Exploration of the Experimental Parameters of 

Electrochemical Measurements 

The electrochemical performance in HER and OER was studied separately to search for the 

suitable parameters for the as-synthesized electrocatalysts. Similar as the route of the last section, 

the relative parameters which can influence the results of the electrochemical measurement are 

performed in this section as well. Different substrates, inks, electrolytes, loading masses and 

annealing temperatures of the samples were tried to find the optimized combination of parameters 

for HER and OER. 

3.3.1 Influence of Electrolyte 

As we introduced in Chapter I, the pH of the electrolyte plays an important role in 

electrocatalysis as the process of HER and OER in acidic and alkaline solutions are different. In 

general, HER is more likely to happen in acid solution and OER more likely to happen in alkaline 

solution because in both cases the ionization of H2O contributes little to the energy barrier of both 

the reactions. Here we choose Ni0.52Co0.56Se for HER and CoSe NCs for OER. In HER 

measurement, 5 mg of Ni0.52Co0.56Se NCs are mixed with 0.95 mL of H2O and 0.05 mL of Nafion 

which is used as the dispersant for the sample in H2O and decrease the resistance of the electrode. 
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The mixture is sonicated for more than 30 min to obtain uniform and thick ink. To fabricate the 

electrode, the FTO glasses are cut into 1×1.5 cm2 squares, then 20 μL of the as-prepared ink is drop 

casted on the FTO substrate to form a layer of 1×1 cm2. After all these preparations, the electrodes 

are used in the electrolyte including 0.5 M H2SO4 and 1 M KOH to measure LSV at a scan rate of 

10 mV/s. The preparation process for OER is similar except that Ti foil is chosen as the substrate. 

To compare the results properly, the unit of voltage is converted to V vs. RHE.  

Figure 3.12 shows polarization data for the sample in H2SO4 and KOH, respectively. 

Apparently, in H2SO4, the sample shows better performance in HER, while OER is prone to happen 

in KOH solution. These results are in accordance with the above-mentioned regulations that the 

acid electrolyte is good for HER and the alkaline solution is good for OER. However, the 

performance of these electrocatalysts is extremely low in either HER or OER, and other parameters 

should be changed to improve the activity. 

 

 

Figure 3.12. Polarization curves of (a) Ni0.52Co0.56Se NCs with different electrolytes in HER and 

(b) CoSe NCs with different electrolytes in OER.  

3.3.2 Influence of Substrate 

Based on the known reports, Ti foil and FTO conductive glasses are commonly chosen as 

substrates in electrochemical measurements because of their excellent conductivity. Ni0.52Co0.56Se 

NCs are used as the electrocatalyst for both HER and OER. The preparation of the electrocatalyst 

on the electrode is the same as that introduced in the previous section except that the substrates are 

different. Then 0.5 M H2SO4 and 1 M KOH are chosen as the electrolyte for HER and OER, 

respectively. The polarization curves shown in Figure 3.13a indicate that the sample with Ti foil as 

substrate has slightly better HER performance, while in Figure 3.13b, as to OER measurement, the 

sample with FTO substrate shows better property. The similar phenomena can be also found on 
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other samples but the reasons remain is not clear.  

 

Figure 3.13. Polarization curves of Ni0.52Co0.56Se NCs with different substrates in (a) HER and (b) 

OER.  

3.3.3 Influence of Ink 

A good ink should be helpful to disperse the electrocatalysts uniformly and form a 

homogeneous film on the substrate. Here we tried different types of inks using H2O or organic 

liquids as the solvents of the ink. Table 3.5 lists the components of these inks which are commonly 

used in electrochemical measurements according to the literatures.28-29 These different kinds of inks 

are used for HER and OER respectively and other experimental parameters remain the same. The 

results are shown in Figure 3.14. By comparison, it is obvious that Method 1 which contains only 

toluene is more suitable for OER and Method 2 which contains only ethanol is more suitable for 

HER.  

Since the samples are from colloidal synthesis and the surface organic ligands are 

hydrophobic, the organic inks are better for the dispersion of the samples than H2O, which is proved 

by the above tests that the sample the organic-based inks has better performance than the sample 

dispersed in H2O.  

Besides, mixture of conductive carbon with the samples was expected to decrease the 

resistance of the sample and enhance the activity (Method 4 and Method 5). In reality, the final 

performance is not improved probably because the sample and the conductive carbon are not able to 

have a compact connection with each other.  

Table 3.5. Components of the inks. 

Method Sample Solvent Dispersant 

Method 1 5 mg of sample 1 mL of toluene No 
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Method Sample Solvent Dispersant 

Method 2 5 mg of sample 1 mL of ethanol No 

Method 3 5 mg of sample 0.95 mL of H2O 0.05 mL of Nafion 

Method 4 2.5 mg of sample +  

2.5 mg of conductive carbon 

1 mL of toluene No 

Method 5 2.5 mg of sample +  

2.5 mg of conductive carbon 

0.95 mL of H2O 0.05 mL of Nafion 

 

Figure 3.14. (a) Polarization curves of electrodes comprising of CoSe NCs for HER with various 

catalyst loading amounts. Other experimental parameters: Ti foil as substrate and 0.5 M H2SO4 as 

electrolyte. The loading mass is 250 μL. (b) Polarization curves of electrodes comprising of 

Ni0.3Co0.74Se NCs for OER with various catalyst loading amounts. Other experimental parameters: 

FTO as substrate and 1 M KOH as electrolyte. The loading mass is 20 μL. 

3.3.4 Influence of Loading Mass 

Theoretically, the catalytic activity of HER and OER should increase linearly with the catalyst 

loading mass. In the present case, however, there is always an optimized loading mass 

corresponding to the best performance. This is because when the amount of the catalysts is not 

enough, the provided active sites are limited. If the amount exceeds the optimized amount, the 

catalysts might form a thick layer inside which no effective contact with the electrolyte takes place. 

On the other hand, too much amount of catalysts may have negative influence on the resistance of 

the system and decrease the charge transfer speed since the conductivity of the transition metal 

selenides is not very good compared to the conductive substrates.  

Here we study the loading amount of the catalyst in HER and OER separately. In HER, CoSe 

is made into ink by Method 7. Then the ink is drop casted on the Ti substrates with the volume of 

20, 50, 200, 250 and 300 μL, respectively. The catalytic activity toward HER is measured by the 

LVS at a potential scan rate of 10 mV/s in 0.5 M H2SO4 electrolyte. Figure 3.15a shows the 
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polarization curves of CoSe with different loading amounts. It is obvious that 200 μL and 250 μL of 

CoSe ink by Method 7 exhibit the lowest onset potential while CoSe with 250 μL has more current 

density comparing to CoSe with 200 μL. Thus 250 uL of inks of the samples is chosen as the best 

loading amount for HER.  

In OER, the loading amount of 15 μL, 20 μL and 30 μL are tested for Ni0.3Co0.74Se NCs which 

are made into ink my Method 1. The OER activity is investigated in 1 M KOH solution by the LVS 

with a scan rate of 1 mV/s. The polarization curve with the 20 μL of Ni0.3Co0.74Se NCs on the 

electrode shows the smallest overpotential, thus this amount is chosen for further measurements 

(Figure 3.15b).  

 

 

Figure 3.15. (a) Polarization curves of electrodes comprising of CoSe NCs for HER with various 

catalyst loading amounts. (b) Polarization curves of electrodes comprising of Ni0.3Co0.74Se NCs for 

OER with various catalyst loading amounts. 

3.3.5 Optimization of the Experimental Parameters 

The results of our experiments evidence that the type of electrolyte, substrate, ink and the 

loading mass play an important role in the electrochemical measurement. The performance can be 

improved dramatically by choosing the right combination of parameters. In the case of HER, a 

suitable combination can be 0.5 M H2SO4, Ti foil, the ink with ethanol and 250 μL of loading mass; 

while in the case of OER of these system of samples, better performance can be gained by 1 M 

KOH, TFO glasses, the ink with toluene and 20 μL of loading mass. These parameters are used in 

all the samples for the next measurements. 
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3.4 Results of Electrochemical Measurements and Discussion 

3.4.1 Conventional Characterization 

In section 3.2, we synthesized binary and ternary Ni-Co-Se NCs with CoSe, Ni0.3Co0.74Se, 

Ni0.52Co0.56Se, Ni0.78Co0.28Se and NiSe compositions, as revealed by our ICP elemental analysis (see 

Table 3.2). The TEM images of the samples, which are reported in Figure 3.16, indicated that the 

size of the NCs was around 10 nm in all cases except for NiSe NCs, which exhibited a mean 

diameter of 25 nm. Our XRD analysis revealed that all the NC products had the same hexagonal 

crystal structure, with no presence of secondary phases (see Figure 3.16f). In more detail, the XRD 

patterns of both NiSe and CoSe NCs well matched those of bulk hexagonal NiSe (ICSD number: 

29310) and CoSe (ICSD number: 53959), respectively, while the reflections that were observed for 

Ni-Co-Se NCs were systematically located between those of the CoSe and NiSe hexagonal 

structures, suggesting the formation of alloyed NCs (see Figure 3.16f): the increase in the Ni 

content in Ni-Co-Se NCs led to a shift of the XRD peaks toward lower 2-theta values, indicating an 

expansion of the lattice parameters. This is in agreement with the larger unit cell of hexagonal NiSe 

(a=3.66 Å, c=5.33 Å) compared to that of CoSe (a=3.594 Å, c=5.277 Å).  

 

 

Figure 3.16. (a-e) TEM images and (f) XRD patterns of (a) CoSe, (b) Ni0.3Co0.74Se, (c) 
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Ni0.52Co0.56Se, (d) Ni0.78Co0.28Se and (e) NiSe NCs. The scale bar in each panel is 50 nm. (f) The 

bulk reflections of hexagonal NiSe (ICSD number 29310) and CoSe (ICSD number 53959) are also 

reported by means of light blue and black bars, respectively. 

3.4.2 HER 

This group of samples is used for HER with the experimental parameters optimized in the 

previous section. The electrochemical results are evaluated by using LSV at a scan rate of 10 mV/s 

and the results can be seen in Figure 3.17. Surprisingly, binary CoSe and NiSe NCs show lower 

onset potentials and higher current density at the same potential level than the various ternary 

samples, which means the alloying of the cations is not helpful to improve the performance under 

the current experimental conditions. Then we tried other strategy to improve the performance which 

will be discussed in chapter V. 

 
Figure 3.17. Polarization curves in HER of binary and ternary Ni-Co-Se NCs. 

3.4.3 OER 

The above group of samples were also used for OER with the optimized parameters concluded 

in section 3.3.  
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The synthesized NCs were deposited on FTO substrates and their electrocatalytic OER 

properties were evaluated (see the Experimental Section for details). The resulting polarization 

curves are reported in Figure 3.18a. It is evident that the onset potentials for the OER heavily 

depend on the composition of the NCs. In particular, NiSe NCs exhibited the highest onset 

potential, which systematically decreased when the amount of Co increased, reaching the lowest 

value of 272 mV in the Ni0,3Co0,74Se composition (see Figure 3.18a, red curve). This value then 

raised to 317 mV in the samples with no Ni, i.e. in the CoSe NCs (see Figure 3.18a, black curve). In 

order to elucidate the underlying OER mechanism, the obtained LSV plots were fitted using the 

Tafel equation.30-31 From the Tafel plots, which are reported in Figure 3.18b, the Tafel slopes for 

CoSe and Ni0.3Co0.74Se were calculated to be ~67 and ~76 mV/dec, respectively, indicating that 

Ni0.3Co0.74Se NCs have slightly slower OER kinetics than CoSe NCs. The Tafel slopes of the 

Ni0.52Co0.56Se, Ni0.78Co0.28Se and NiSe samples were ~83, ~184 and ~286 mV/dec, respectively, i.e. 

they had slower OER kinetics than the Ni0.3Co0.74Se and CoSe samples (see Table 3.6). It is worth to 

highlight here that since LSV measurements were conducted at a very low scan rate (1 mV/s), any 

capacitive contribution to the measured OER currents should be minimal. The specific activity of 

the catalysts was evaluated by TOF calculation, which refers to the rate of O2 molecules that 

evolved per metal atom per second. Figure 3.18c and Table 3.6 demonstrate that the TOF improved 

up to three times upon the optimization of the ternary Ni-Co-Se NCs’ composition. The CVs of 

samples measured at a sweep rate of 10 mV/s are provided in Figure 3.18d to better explain the 

observed improvements in the OER. It can be seen that the best performing sample shows the 

largest pseudocapacitive peaks, indicating the increase of the electrochemically active surface area 

of the catalyst. On the other hand, the NiSe NCs did not show any pseudocapacitive peak in the 

same range, indicating that no formation of Ni oxide species took place, thus explaining the 

observed poor performance of NiSe NCs in the OER.32 

Furthermore, our impedance spectroscopy analyses indicated that the series resistance (Rs) of 

the samples decreased from 12.9 Ω for CoSe NCs to 11.2 Ω for Ni0.3Co0.74Se NCs, before rising 

again at higher Ni contents (see Figure 3.18e, f and Table 3.6). Since all other parameters were kept 

constant in all cases, the observed Rs of the systems could be considered to be directly related to the 

electrical conductivity of the NCs. Thus, we concluded that the incorporation of an optimal amount 

of Ni in CoSe NCs (reaching a Ni/Co ratio of 1/2.5) led not only to an increase in the overall 

electrical conductivity of the sample, but also to a decrease of the onset potential for the OER. 

These results are in line with the study of Bates et al., in which they observed improvements in the 

OER properties when going from Ni-oxide to Ni, Co-oxide catalysts, most likely as a consequence 

of the better electrical conductivity of the latter.33-35  
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Figure 3.18. (a) LSVs measured at a sweep rate of 1 mV/s, (b) Tafel plots, (c) TOF values at η = 

0.35 V, (d) CVs, (e) impedance spectra of electrodes measured at open circuit potential and (f) 

magnification of (e) in high frequency area of binary and ternary Ni-Co-Se NCs.  
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Table 3.6. Various electrochemical parameters of Ni-Co-Se-FTO electrodes.  

Sample Onset potential 

(mV) 

η/mV at  

j = 10 mA/cm2 

Tafel slope 

(mV/dec) 

Rs (Ω)/cm2 TOF  

(×10-3 s-1) 

CoSe 317 425 67 12.9 3.46 

Ni0.3Co0.74Se 277 397 76 11.2 10.09 

Ni0.52Co0.56Se 383 520 83 14.2 0.45 

Ni0.78Co0.28Se 504 - 184 14.8 0.23 

NiSe 507 - 286 16.4 0.04 

 

In order to better understand the composition and the structure of the actual active catalyst, we 

also carried out XRD and ICP elemental analyses of representative CoSe, Ni0.3Co0.74Se and NiSe 

NC samples after performing the OER. The XRD patterns of the cycled CoSe and Ni0.3Co0.74Se 

NCs exhibited no diffraction peaks, apart from those which were related to the substrate, while the 

NiSe NCs retained their hexagonal structure (see Figure 3.19). These results were consistent with 

what was observed during ICP elemental analysis: after the OER, NiSe NCs preserved their original 

stoichiometry, whereas no residual Se was found in the CoSe and Ni0.3Co0.74Se samples, in which 

Co and/or Ni were the only elements detected. It should be noted that we measured the Ni/Co ratio 

of the Ni0.3Co0.74Se NCs before and after the OER, and it was found to be constant.  

 

 

 
Figure 3.19. XRD patterns of CoSe, Ni0.3Co0.74Se and NiSe NCs on FTO substrates after OER. 
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To have a better understanding of the chemical, structural and morphological evolution of the 

Ni0.3Co0.74Se NC upon OER, we also performed HRTEM analyses. HRTEM micrographs of the 

starting Ni0.3Co0.74Se sample (Figure 3.20b) indicated that the as synthesized NCs are 

monocrystalline and they exhibit the expected hexagonal crystal structure, as revealed by XRD (see 

Figure 3.16f and Figure 3.20a). Moreover, the STEM-EDS elemental mapping revealed a uniform 

distribution of Ni, Co and Se elements in the NCs (Figure 3.20c).  

 

 

Figure 3.20. (a) SAED patterns of Ni0.3Co0.74Se NCs before and after the OER. (b) HRTEM image 

of Ni0.3Co0.74Se NCs before OER, exhibiting the expected hexagonal CoSe crystal structure and 

characterized by the absence of crystal defects. (c) EDS elemental mapping of a group of 

Ni0.3Co0.74Se NCs before OER. 
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However, a profound restructuring of the NCs was observed after the OER: the HRTEM 

analyses evidenced the presence of a major fraction of amorphous Ni, Co- based nanoparticles and a 

minor fraction of NCs whose crystal structure could be ascribed either to cubic CoO or NiO (ICSD 

numbers: 9865 and 9866, respectively), as these two structures have similar lattice parameters (see 

Figure 3.21a, b and Figure 3.20a). Furthermore, STEM-EDS elemental mapping and spectra both 

revealed that these particles only contained Ni, Co and O (with a Ni/Co ratio of 1/2.5), but no Se, 

confirming what had already been measured by ICP (see Figure 3.21c and d). It should be also 

mentioned that no any Pt element was detect in the sample, which means the Pt counter electrode 

does not affect the performance. 

 

 

Figure 3.21. (a) TEM image and (b) HRTEM image of Ni0.3Co0.74Se NCs after OER, showing the 

presence of both amorphous particles and a small fraction of tiny CoO or NiO NCs. (c) EDS 

elemental mapping and (d) EDS spectra of Ni0.3Co0.74Se NCs after OER.  

The XPS analysis of Ni0.3Co0.74Se NCs before and after OER was performed. In Figure 3.22a, 

before OER, the as-made NCs exhibited mostly Ni2+ species on the surface with a weak shoulder 

peak at around 852.9 eV from metallic Ni. While after OER, the metallic peak disappeared totally, 

with only the Ni2+ peaks existing. Similar results are also observed in the case of Co (Figure 3.22b). 
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These results indicate that before OER, there are two oxidation states of Ni and Co inside the 

ternary selenides. However, for the metal oxides after OER, the only existing species are Ni2+ and 

Co2+. XPS analyses of ternary NCs on Se 3d high-resolution spectra before and after OER further 

again confirmed our findings: while the Se signal disappeared upon OER, the position of the Ni and 

Co peaks shifted to higher binding energies, suggesting the evolution of the catalyst from Ni-Co-Se 

to Ni-Co oxide/hydroxide materials (see Figure 3.22c). These results are in agreement with those 

reported by different groups, who observed the transformation of MX nanostructures (MX, M = Co, 

Ni, Fe; X = S, Se, Te) into the corresponding metal oxides/hydroxides upon OER in alkaline 

conditions.18-20, 36 The oxidation process, at the same time, was shown to affect the chalcogen 

anions, which are released from the starting nanostructures in the form of SeOx species.20, 36-39 

Importantly, XPS analysis clearly demonstrates that Pt is not present at the surface of the Ni-Co-

based electrodes after OER. Indeed, no Pt 4f peaks are detected in the typical energy range between 

70 and 75 eV [NIST X-ray Photoelectron Spectroscopy Database, Version 4.1 (National Institute of 

Standards and Technology, Gaithersburg, 2012); http://srdata.nist.gov/xps/ ]. 

 

 

Figure 3.22. High-resolution (a) Ni, (b) Co and (c) Se spectra of Ni0.3Co0.74Se NCs before and after 

OER. 

In order to study the fate of organic ligands we performed a Fourier transform infrared 

spectroscopy study on a Ni-Co-Se NC film before and after five CVs of OER (see Figure 3.23 for 

details). We prepared two samples in order to acquire FTIR spectra of Ni0.3Co0.74Se NCs before and 

after the OER. A first sample was obtained by mixing Ni0.3Co0.74Se NCs with a KBr powder using a 

NCs/KBr ratio of 1% in weight (i.e. 0.5 mg of NCs and 50 mg of KBr). The resulting powder was 

put in a die and pressed for 3 minutes with 3 Tons, producing a 12 mm diameter disk. A second 

sample was obtained by scratching a film of Ni0.3Co0.74Se NCs, which was previously subjected to 

five CVs of OER, and mixing it with KBr powder using a NCs/KBr ratio of 1% in weight. Also in 

this case the resulting powder was put in a die and pressed for 3 minutes with 3 Tons, producing a 

http://srdata.nist.gov/xps/
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12 mm diameter disk. The disks were analyzed using a FTIR Vertex 70v, running 128 scans per 

sample in the 4000-500 cm−1 range, with a resolution of 4 cm−1. 

In the FTIR spectra of Ni0.3Co0.74Se NCs before and after five CVs of OER, it is possible to 

detect the presence of oleylamine, the surfactant used for the synthesis of Ni-Co-Se NCs: the peaks 

at 2846 and 2920 cm−1 can be assigned to the symmetric and asymmetric CH2 stretching modes, 

respectively; the peak at 1642 cm−1 is due to the ν (C=C) stretching mode, the peak at 1591 cm−1 is 

due to the NH2 scissoring mode.40-41 Therefore, the native ligands (i.e. oleylamine) were present on 

our catalyst even after OER. This finding suggests that oleylamine molecules, which are not soluble 

in the electrolyte, most likely bind to Ni and Co oxide/hydroxide species that form upon the 

transformation of native Ni-Co-Se NCs.  

 

 
Figure 3.23. FTIR spectra of Ni0.3Co0.74Se NCs before (black line) and after (red line) five CVs of 

OER.  

Overall, our findings indicate that Ni-Co-Se NCs underwent a phase transformation under 

OER conditions, releasing Se anions and forming mainly amorphous Ni-Co oxide/hydroxide 

species, which were the actual catalytic materials.18-20, 36, 42-48 The OER performance of such species 

depended on their relative composition: an optimal Ni/Co ratio was the key parameter not only to 

increasing the conductivity and the number of active sites of the final material, but also to lowering 
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its onset potential. However, the NiSe NCs did not undergo any phase changes and they retained 

their crystal structure under OER conditions. In this case, differently from what observed by other 

groups, no active Ni oxide/hydroxide species were found, explaining the poor performance of our 

NiSe NCs in the OER.20, 36, 43, 49 

3.5 Conclusions 

In conclusion, we have developed a colloidal synthesis method to produce binary NiSe, CoSe, 

ternary Ni-Co-Se NCs with controllable compositions and identical hexagonal crystal structures. 

First of all, we tried the HER performance of these samples but still the binary compounds have 

better activity, which means the alloy strategy is not helpful to promote the electrocatalytic activity 

in HER.  

Then, we studied, in detail, variations in the OER catalytic activity of these NC systems as a 

function of their composition. We observed that, under OER conditions, ternary Ni-Co-Se NC 

samples underwent a complete chemical transformation, losing the chalcogen anions and forming 

Ni, Co hydroxides/hydroxide compounds, which are the actual catalytic species for OER. While the 

oxidation of metal chalcogenides upon OER has been reported by different groups, not much is 

known on how the composition and the structure of starting materials affect this process and the 

properties of the resulting active compounds. What we found is that the activity of the 

oxide/hydroxide products are strongly dependent on the composition of the starting NCs. In more 

detail, when working with Ni-Co-Se NCs, amorphous Ni, Co hydroxides/hydroxide nanoparticles 

were mainly produced. Interestingly, the activity of such species was found to be optimal at a Ni/Co 

ratio of 1/2.5.  
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Chapter IV Synthesis of Cation and Anion Alloyed 

Quaternary Ni-Co-S-Se NCs and Their Application in 

OER 

4.1 Introduction 

As introduced in chapter III, since the metal atoms are considered as the real active sites for 

HER and OER, the traditional strategy of the alloying is to mix the transition metals to tune the 

electron configuration in order to tune the absorption energy of the intermediates thus to decrease 

the energy barrier of every elemental reaction step in HER and OER. However, as it has been 

documented in two recent studies, another interesting feature that characterizes Ni and Co 

chalcogenide based materials is that a synergistic effect may arise from the presence of different 

kinds of anions like O, S, Se, N, C.1-6 Duan et al. synthesized Co-Fe-P-O compounds with the 

modulated anions and cations as a bifunctional catalyst for both HER and OER, and the atomic 

modulation between cation and anion greatly expands the amount of the active sites.7 This provides 

the evidence of the possibility to improve the electrocatalytic properties by mixing different kinds 

of anions. Therein, transition metal compounds containing a mixture of S and Se are synthesized 

and tested for electrocatalysis. Fang et al., for example, showed that peapod-like Co(SxSe1−x)2 

nanoparticles have higher OER and HER performances than pure CoS2 and CoSe2 ones.1 Moreover, 

Hu and co-workers recently demonstrated that the decoration of (NiCo)S/OH nanosheets with 

elemental Se can improve their OER activity.2 However, a complete understanding of the roles of S 

and Se with regard to the catalytic properties of the final materials is still lacking.  

All these recent findings have motivated us to investigate not only if optimized OER 

performances could be achieved via both a cation and anion composition tuning of Ni-Co-S-Se 

catalysts, but also what the specific roles of the Ni, Co, S and Se elements are. As no quaternary Ni-

Co-S-Se NC systems have been reported to date, inspired by the trials from the previous chapter 

(Fgure 3.6h), we developed the colloidal synthesis based on the previous ternary system and used 

DDT as S precursor and surfactant at the same time, which allowed us to produce quaternary Ni-

Co-S-Se NCs which had the same crystal structure and comparable uniform particle sizes (see 

Scheme 4.1).  
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Scheme 4.1. Sketch of the Colloidal Synthesis of Ternary Ni-Co-Se and Quaternary Ni-Co-S-Se 

Alloy NCs Having the Same Hexagonal Crystal Structure. 

Then, we systematically studied the OER catalytic properties and transformations of such NCs 

during OER under alkaline conditions. Our findings revealed that the insertion of S into Ni-Co-Se 

NCs, leading to Ni-Co-S-Se NCs, resulted in the formation of small Ni-Co oxide NCs (~1-2 nm in 

diameter) and Co(OH)2 nanosheets (NSs) under OER conditions, and these had a higher activity 

than the ternary Ni-Co-Se NCs. We found that Ni0.25Co0.65S0.4Se0.6 was the optimal stoichiometry 

with regards to maximizing the final OER activity, with an onset potential of 262 mV and a OER 

current density of 10 mA/cm2 at an overpotential of 358 mV. The TOF of that sample was measured 

to be 24.84 ×10-3 s-1 at an overpotential of 350 mV, which was ~7 times higher than that of the 

binary CoSe NCs. 

4.2 Influence of S/Se  

As introduced in Figure 3.6h and i, the use of DDT in the synthesis of Co-Ni-Se NCs can bring 
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dramatic improvement in decreasing the size as well as inserting S inside the NCs to form 

quaternary systems, as revealed by XRD, TEM and ICP measurements. Therefore, we decided to 

tune part of the experimental parameters based on the previous results.   

4.2.1 Synthesis of Quaternary Ni-Co-S-Se NCs with Different S/Se Ratios 

Influence of the reaction time. To investigate the influence of the reaction time on S/Se ratio, 

first we used the parameters which was used for synthesizing Ni0.3Co0.74Se NCs and added 0.1 mL 

of DDT. Figure 4.1 presents the typical structure, morphology and composition of the samples, 

which are prepared with the reaction time changing from 5 to 120 min. The XRD confirmed the 

hexagonal phase structure (CoSe, ICSD: 53959) in all the samples (Figure 4.1a). However, when 

the reaction time is more than 90 min, there is another new hexagonal CoS phase (ICSD: 29305) 

which is separated from the main CoSe phase.  

The ICP elemental analysis confirmed that before 30 min, the S/Se ratio is close to 3:7, while 

when the reaction time reaches 60 min, the S/Se ratio increases slowly to 4:6 and this ratio is not 

likely to increase even the time increases. Meanwhile, the Ni/Co ratio after 5 min is close to 1:1, 

which differs from the Ni/Co precursors ratio (1:3) and the Ni/Co ratio in the sample without S 

precursor (1:2.5). This means that the addition of DDT might help to increase the amount of Ni2+ or 

decrease the amount of Co2+ in the crystals. Fortunately, the Ni/Co ratio can be tuned by increasing 

the reaction time up to 60 min. When the time is more than 60 min, the Ni/Co ratio seems to 

increase as well. However, there is a mixture of the phases, it is difficult to calculate Ni/Co ratio in 

the main phase. 

The TEM images reveal the uniform sizes in each sample (Figure 4.1b-f). Furthermore, the 

size of such NCs increases after 60 min from around 10 nm to 30 nm, indicating that the NCs grow 

bigger when the reaction time is longer. 

Thus, taking into account the reasult from each characterization technique, we can summarize 

that the reaction time of 60 min is the best reaction time for the synthesis to obtain a similar 

structure, Ni/Co ratio and size as its corresponding ternary NCs.  
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Figure 4.1. (a) XRD patterns of various quaternary Ni-Co-S-Se NCs after different reaction time. 

TEM images of the samples after (b) 5 min, (c) 30 min, (d) 60 min, (e) 90 min and (f) 120 min. 

Influence of the S/Se precursor ratio. A group of synthesis was performed with only the S/Se 

precursor ratio changed and other parameters are the same. XRD patterns (Figure 4.2a) indicate a 

change in crystal structures when the S/Se precursor ratio changes from 0 to 1. The NCs tend to 

form metal-rich cubic phase M9X8 (M = Co/Ni; X = S/Se) when S/Se is low, while the structures are 

chalcogen-rich cubic phase M3X4 (M = Co/Ni; X = S/Se). It should be noticed that with the S/Se 

precursor ratio of DDT (0.1 mL)/ OAm-Se (3 mL), the phase shows the hexagonal structure, which 
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is comparable with the group of sample in Chapter III. The shift to the higher degree is because of 

the replacement of the smaller S (atomic radius 1.04 Å) with the larger Se (atomic radius 1.6 Å) in 

the crystal lattice. 

The elemental analysis shows the composition of Ni0.44Co0.74Se, Ni0.37Co0.85S0.21Se0.79, 

Ni0.25Co0.65S0.4Se0.6, Ni0.27Co0.74S0.68Se0.32, Ni0.2Co0.77S0.86Se0.14 and Ni0.15Co0.82S when using 3 mL 

of OAm-Se, 3 mL of OAm-Se + 0.05 mL of DDT, 3 mL of OAm-Se + 0.1 mL of DDT, 1 mL of 

OAm-Se + 0.25 mL of DDT, 1 mL of OAm-Se + 0.25 mL of DDT and 5 mL of DDT (Table 4.1). 

With the S/Se precursor ratio increasing, the S/Se ratio in the final samples increases consequently. 

Meanwhile, the Ni/Co ratio decreases from 1/1.68 to 1/5.46. This might come from the influence of 

the reaction time, as we discussed in Chapter III that increasing the reaction time may result in an 

increase of Ni/Co ratio.    

Figure 4.2b-g show representative TEM images of the samples with different compositions. It 

is obvious that increasing the ratio of S precursor from 0 to 0.1 mL, the size decreases dramatically 

from more than 50 nm to about 10 nm (Figure 4.2b-d). However, when the amount of S precursor 

increases more than 0.1 mL, the control of the size is not apparent and the size of the NCs is around 

10 nm (Figure 4.2e-g). 
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Figure 4.2. (a) XRD patterns of various quaternary Ni-Co-S-Se NCs with different S/Se ratio. TEM 

images of the samples with (b) 3 mL of OAm-Se, (c) 3 mL of OAm-Se + 0.05 mL of DDT, (d) 3 mL 

of OAm-Se + 0.1 mL of DDT, (e) 1 mL of OAm-Se + 0.25 mL of DDT, (f) 1 mL of OAm-Se + 0.25 

mL of DDT and (g) 5 mL of DDT. Other experimental parameters: 0.25 mmol of Ni(acac)2, 0.75 

mmol of Co(acac)2, 10 mL of ODE. After the injection of S/Se precursors, the reaction was heated 

up to 250 °C for 1 h. 



Synthesis of Cation and Anion Alloyed Quaternary Ni-Co-S-Se 
NCs and Their Application in OER 

 

76 
 

Table 4.1. Amount of Se and S precursor, elemental analysis and XRD results of the quaternary 

samples synthesized with different S/Se precursor ratios. 

Sample OAm-Se (mL) DDT (mL) ICP XRD 

1 3 0 Ni0,44Co0,74Se Co9Se8 

2 3 0.05 Ni0.37Co0.85S0.21Se0.79 Co9Se8 

3 3 0.1 Ni0.25Co0.65S0.4Se0.6 CoSe 

4 1 0.25 Ni0.27Co0.74S0.68Se0.32 NiCo2S4 

5 1 3 Ni0.2Co0.77S0.86Se0.14 NiCo2S4 

6 0 5 Ni0.15Co0.82S NiCo2S4 

 

Eventually, from Chapter III we found that when the reaction time is reduced, the crystal 

structure can change from M9X8 to MX. Thus we also tried to reduce the reaction time in this 

quaternary system in order to obtain a group of samples with hexagonal phase and controllable S/Se 

ratios at the same time. The main experimental parameters are listed in Table 4.2 and the 

composition of the samples was determined by ICP analysis. 

Table 4.2. Main experimental parameters of samples with various S/Se ratios. 

Sample Ni0.3Co0.74Se Ni0.3Co0.73S0.2Se0.8 Ni0.25Co0.65S0.4Se0.6 

Ni(acac)2 (mmol) 0.25 0.25 0.25 

Co(acac)2 (mmol) 0.75 0.75 0.75 

OAm-Se (mL) 3 3 3 

DDT (mL) 0 0.05 0.1 

ODE (mL) 10 10 10 

Reaction time (min) 5 15 60 

Reaction temperature (°C) 250 250 250 

 

4.2.2 Conventional Characterization 

The quaternary Ni-Co-S-Se NCs listed in Table 4.2 were then studied to investigate the effects 

of the presence of sulfur on the final OER performance. The S/Se ratio in the products changed 

from 0/1 to 2/3 while the Ni/Co ratio was fixed to 1/2.5, which was found to optimize the catalytic 

activity of Ni-Co-Se NCs. The produced Ni-Co-S-Se NCs had a mean size of 10 nm, as was 
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determined by TEM analysis (see Figure 4.3a, b), and the same hexagonal crystal structure as the 

binary and ternary Ni-Co-Se NCs (see Figure 4.3c). A systematic shift of the XRD peaks toward 

larger 2-theta values was observed when the relative amount of S inside the NCs was increased. 

This is consistent with the ionic radius of S, which is smaller than that of Se, suggesting the 

formation of alloyed structures. As discussed before, it is important to underline here that a further 

inclusion of S inside the alloy NCs, above the Ni0.25Co0.65S0.4Se0.6 composition, led to quaternary 

NCs having a cubic structure (see Figure 4.2a). However, these samples were excluded from our 

study since our final goal was to compare the catalytic properties of NC systems with different 

compositions but having the same crystal structure. 

 
Figure 4.3. Low resolution TEM images of (a) Ni0.3Co0.73S0.2Se0.8 and (b) Ni0.25Co0.65S0.4Se0.6 NCs. 

The scale bar is 50 nm. (c) XRD patterns of Ni0.3Co0.74Se, Ni0.3Co0.73S0.2Se0.8 and 

Ni0.25Co0.65S0.4Se0.6 NCs. The pattern of Ni0.3Co0.74Se NCs is also reported for a better comparison. 
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4.2.3 OER 

The electrocatalytic OER properties of quaternary alloy NCs were evaluated by LSV, and the 

corresponding polarization curves are shown in Figure 4.4a. It is evident that the introduction of S 

inside the ternary Ni-Co-Se NCs resulted in an improved OER activity. The electrodes that were 

composed of Ni0.3Co0.73S0.2Se0.8 and Ni0.25Co0.65S0.4Se0.6 NCs exhibited a high activity for OER, 

with an onset overpotential of about 272 mV and 262 mV, respectively (see Table 4.3). The Tafel 

slopes of the Ni0.3Co0.73S0.2Se0.8 (64 mV/dec) and Ni0.25Co0.65S0.4Se0.6 (64 mV/dec) NCs were lower 

than that of the Ni0,3Co0,74Se (76 mV/dec) NCs, suggesting that the quaternary systems had faster 

OER kinetics (see Figure 4.4b). Furthermore, the calculated TOF (Figure 4.4c) of the 

Ni0.25Co0.65S0.4Se0.6 NCs at an overpotential of 0.35 V was more than twice that of the Ni0,3Co0,74Se 

NCs.  

 
Figure 4.4. (a) LSVs measured at a sweep rate of  1 mV/s, (b) Tafel plots and (c) TOF values at η = 

0.35 V of ternary and quaternary Ni-Co-S-Se NCs with various S/Se ratios. 
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In addition, the impedance analysis showed that the Rs of the Ni0.3Co0.73S0.2Se0.8 (8.9 Ω) and 

Ni0.25Co0.65S0.4Se0.6 (7.4 Ω) NCs were much smaller than that of the Ni0,3Co0,74Se NCs (11.2 Ω), 

further supporting that quaternary systems are characterized by a faster charge transfer (see Figure 

4.5 and Table 4.3).  

 
Figure 4.5. Impedance spectra of electrodes measured at open circuit potential of ternary and 

quaternary Ni-Co-S-Se NCs with various S/Se ratios. 

To estimate the differences in electrochemically active surface areas of various catalysts, the 

cyclic voltammetry (CV) method was employed to measure the electrochemical double-layer 

capacitance (EDLC), Cdl. The potential range where no faradic current was observed was selected 

for accurate measurements of the large active surface area of the electrode (Figure 4.6a-c). CV 

curves were obtained at various scan rates (10, 20, 30, 40, 50 mV/s) at 0.02-0.08 V vs. Ag/AgCl 

region, and the corresponding Cdl values were calculated. The Cdl of Ni0.3Co0.73S0.2Se0.8 (0.42 

mF/cm2) and Ni0.25Co0.65S0.4Se0.6 (0.41 mF/cm2) NCs are higher than Ni0,3Co0,74Se (0.059 mF/cm2) 

NCs, indicating that the addition of S inside the crystals may help to increase the active sites thus to 

improve the OER activity. 
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Figure 4.6. The EDLC measurements of (a) Ni0,3Co0,74Se, (b) Ni0.3Co0.73S0.2Se0.8 and (c) 

Ni0.25Co0.65S0.4Se0.6 NCs at different scan rates and the corresponding Cdl linear fitting and 

calculation (d).  

These results confirmed that Ni0.25Co0.65S0.4Se0.6 NCs had the highest intrinsic catalytic activity 

among all the reported samples, and its stability is also remarkable (Figure 4.7). After 8 h of 

continuous electrolysis reaction, only a 30 mV increase in the overpotential was required to 

maintain OER current density of 10 mA/cm2 (from 1.68 V to 1.71 V).  
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Figure 4.7. Chronopotentiometry measurement at a current density of 10 mA/cm2 for 

Ni0.25Co0.65S0.4Se0.6 NCs electrode. 

To further elucidate the reasons underlying the better OER performance of Ni0.25Co0.65S0.4Se0.6 

NCs, polarization curves of all the samples were also collected between 1.0 and 2.0 V versus RHE 

at a scan rate of 10 mV/s. As shown in Figure 4.8, the CVs of all the samples were characterized by 

one broad anodic peak in the range of 1.2-1.4 V (versus RHE). As mentioned above in the 

discussion of the ternary Ni-Co-Se samples, the presence of this single peak stands for the oxidation 

of NiII to NiIII or NiIV. The increase in the intensity of this redox peak when going from Ni0,3Co0,74Se 

to Ni0.25Co0.65S0.4Se0.6 NCs suggested that quaternary NC samples are characterized by a higher 

amount of NiII sites which can undergo a reversible redox reaction to NiIII or NiIV. These sites might 

act as catalytically active sites, which would explain the superior electrocatalytic performance of 

our quaternary samples.8-9 
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Figure 4.8. CVs of quaternary Ni-Co-S-Se NCs with various S/Se ratios. 

Table 4.3. Summary of electrochemical OER parameters of quaternary Ni-Co-S-Se NC catalysts. 

Sample Ni0.3Co0.74Se Ni0.3Co0.73S0.2Se0.8 Ni0.25Co0.65S0.4Se0.6 

Onset potential (mV) 277 272 262 

η/mV at j = 10 mA/cm2 397 373 358 

Tafel slope (mV/dec) 76 64 64 

Rs (Ω)/cm2 1.2 8.9 7.4 

TOF (×10-3 s-1) 10.05 15.88 24.84 

ECSA  (mF/cm2) 0.059 0.42 0.41 

 

HRTEM studies were carried out on Ni0.25Co0.65S0.4Se0.6 NCs before and after OER so that the 

chemical and structural evolution of the NCs could be further studied. Before OER, the NCs were 

found to have the expected hexagonal crystal structure and a homogeneous distribution of the four 

elements, with a mean composition of Ni0.3Co0.63S0.4Se0.6, which is in agreement with ICP results 

(see Figure 4.9a-c). Interestingly, our HRTEM analysis also revealed that quaternary NCs were 

characterized by a large amount of crystal defects including steps (see Figure 4.9d and g), twin 
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boundaries (see Figure 4.9b, e, f and h) and stacking faults (see Figure 4.9f). The formation of these 

defects is tentatively explained by the presence of S anions on the Ni-Co-Se hexagonal lattice, 

which could induce a compressive strain, since the ionic radius of S2- is smaller than that of Se2- 

(184 pm compared to 198 pm).  

 

Figure 4.9. (a) SAED patterns of Ni0.25Co0.65S0.4Se0.6NCs before and after OER. (b, d-h) HRTEM 

images and (c) EDS elemental mapping of Ni0.25Co0.65S0.4Se0.6 NCs before OER. The NCs exhibit 

the expected hexagonal structure (ICSD number 53959) and they are characterized by a rich 

presence of defects.  

However, a large number of small NiO or CoO NCs, amorphous Ni, Co oxide/hydroxide 

nanoparticles and Co(OH)2 ultrathin nanosheets were detected after the OER by HRTEM analysis 

(see Figure 4.10a-f). Indeed, in Figure 4.10g-h, the STEM-EDS elemental mapping and EDS 

spectrum of the final sample confirmed the presence of Ni, Co and O elements, but there were 

almost no traces of S and Se (the ratio of (S+Se)/(Ni+Co) was 5.3%). Such findings were also 
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supported by the XRD analysis of the Ni0.25Co0.65S0.4Se0.6 NC sample after the OER, which revealed 

the presence of a fraction of crystalline Co(OH)2 (ICSD number: 53994) (see Figure 4.10i).  

 

 

Figure 4.10. (a) TEM micrograph, (b) HAADF-STEM image and (c,d) HRTEM image of 

Ni0.25Co0.65S0.4Se0.6NCs after OER. (e,f) Two regions of panel (d) are magnified to show the lattice 

fringes of the oxide NCs, which matching either NiO (ICSD number 9866) or CoO (ICSD number 

9865). (g) EDS elemental mapping of Ni0.25Co0.65S0.4Se0.6 NCs after OER. (h) EDS spectrum and (i) 
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XRD patterns on the FTO substrate of Ni0.25Co0.65S0.4Se0.6NCs after OER. 

The maximum of Co 3p peaks shifted from (59.2±0.3) eV to (60.9±0.3) eV and the shoulder at 

approx. 66.6 eV disappeared in the Ni 3p binding energy region (Figure 4.11a, b). The observed 

shifts are consistent with an oxidation of both Co and Ni, thus corroborating the results coming 

from other techniques (evolution of the catalyst from Ni-Co chalcogenides to Ni-Co 

oxide/hydroxide species). Se 3d peaks at approx. 54 eV disappeared after OER (Figure 4.11d). 

Again, no Pt relative peaks are observed before and after OER, which means that Pt is not involved 

in the measurement. In the quaternary systems, also S 2p peaks (in the 160-165 eV binding energy 

region) disappeared after OER (Figure 4.11c).  

XPS analyses of quaternary NCs before and after OER, also in this case corroborated our 

findings: while the S and Se signals disappeared upon OER, the position of Ni and Co peaks have a 

shift, suggesting the evolution of the catalyst from Ni-Co-Se-S to Ni-Co oxide/hydroxide species 

(see Figure 4.11). We believe that the preferential formation of such crystalline oxide/hydroxide 

nanoparticles could be directly correlated to the presence of crystal defects in the parent 

Ni0.25Co0.65S0.4Se0.6 NCs, which might act as preferential nucleation sites.  

 

Figure 4.11. High-resolution (a) Ni, (b) Co, (c) S and (d) Se spectra of Ni0.25Co0.65S0.4Se0.6 NCs 

before and after OER. 
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Overall, our findings indicated that both ternary and quaternary Ni-Co-S-Se NCs undergo 

oxidation upon OER and transform in situ into Ni, Co oxide/hydroxide materials. Ternary samples 

were found to form active amorphous compounds, while quaternary NCs transformed mostly into 

small NiO/CoO NCs and ultrathin Co(OH)2 nanosheets. Thus, we ascribe the superior OER 

performance of Ni-Co-S-Se NCs to the crystalline species which were experimentally found to 

promote the catalytic activity of the final catalyst.10 It is also important to highlight here that our 

electrochemical results have been obtained using Pt counter electrodes in the experimental setup. 

Our ICP, STEM-EDS and XPS elemental analyses performed on both ternary and quaternary 

compounds before and after OER indicated the absence of Pt in both the catalyst and the electrolyte, 

excluding any influence of Pt on the catalytic properties and on the transformations of the NCs. 

4.3 Influence of Ni/Co in Quaternary System 

4.3.1 Conventional Characterization 

The Ni/Co ratio can be easily tuned by changing the ratio of Ni and Co precursors. The 

reaction time is decreased from Co-S-Se to Ni-S-Se in order to synthesize a group of samples with 

comparable sizes. On the other side, since the reaction time can influence the S/Se ratio inside the 

NCs, the amount of S/Se precursor ratio is also tuned in order to obtain samples with a constant 

S/Se ratio. Table 4.4 lists the different experimental parameters and of the samples named by the 

compositions from ICP analysis, and the S/Se ratio is determined by the best Ni0.25Co0.65S0.4Se0.6 

NCs in the above-mentioned section. 

Table 4.4. Experimental parameters of the samples with various Ni/Co ratios. 

Sample Co(acac)2 

(mmol) 

Ni(acac)2 

(mmol) 

Reaction time 

(min) 

DDT 

(mL) 

Co0,93S0.39Se0.61 1 0 60 0.1 

Ni0,25Co0,65S0,41Se0,59 0.25 0.75 60 0.1 

Ni0.57Co0.56S0.38Se0.62 0.6 0.4 5 0.2 

Ni0.78Co0.24S0.42Se0.58 0.75 0.25 5 0.2 

NiS0,41Se0,59 0 1 5 0.2 

* Other experimental parameters: Se precursor 1 mmol, ODE 10 mL, reaction temperature 

250 °C. 

All the obtained samples exibithed the hexagonal CoSe (ICSD: 53959) phase as evinced from 

our XRD analyses (see Figure 4.12a). The peaks are shifted toward higher 2 theta values because of 
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the high amount of S. Although the Ni/Co ratio differs a lot from Co0,93S0.39Se0.61 to NiS0,41Se0,59 

NCs, there is no apparent peak shift between these samples. This is probably because of the similar 

atomic radius and chemical environment of Ni and Co. Also because of this reason, the value of 

Ni/Co ratio can be easily tuned from 0 to 1. The morphology and size of the as-synthesized samples 

were investigated via TEM analysis. All the as-synthesized samples exhibit similar size of around 

10 nm (see Figure 4.12b-f). 

 

Figure 4.12. (a) XRD patterns and TEM images of (b) Co0,93S0.39Se0.61, (c) Ni0,25Co0,65S0,41Se0,59, 

(d) Ni0.57Co0.56S0.38Se0.62, (e) Ni0.78Co0.24S0.42Se0.58 and (f) NiS0,41Se0,59 NCs. 
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4.3.2 OER 

The LSV curves of the samples are shown in Figure 4.13a. The onset potentials of the samples 

from Co0.93S0.39Se0.61 to NiS0.41Se0.59 are 317, 262, 324, 355 and 440 mV, respectively (see Table 

4.5). Likewise, when the current density reaches 10 mA/cm2, the potentials are 392, 358, 433, 515 

and 694 mV, respectively, and the best result is comparable to the state-of-art transition metal 

chalcogenide electrocatalysts for OER (see Figure 1.6). These results demonstrate that the OER 

properties strongly depend on the composition of the NCs. The regulation is the same as the 

corresponding ternary system, namely, the sample has the Ni/Co ratio of 1/2.5 (Ni0,25Co0,65S0,4Se0,6), 

exhibits the highest catalytic activity compared to the other samples. Moreover, the quaternary NCs 

all show lower onset potential and overpotential at j = 10 mA/cm2, which can result from the 

insertion of S. The OER kinetics of these catalysts was probed further by analyzing the Tafel plots 

as shown in Figure 4.13b. The resulting Tafel slopes were found to be 52, 64, 79, 146 and 201 

mV/dec for Co0.93S0.39Se0.61, Ni0.25Co0.65S0.4Se0.6, Ni0.57Co0.56S0.38Se0.62, Ni0.78Co0.24S0.42Se0.58, and 

NiS0.41Se0.59 NCs, respectively. It should be noted here that all the quaternary samples exhibit 

smaller Tafel slope compared to their ternary counterparts, confirming faster charge transfer in the 

quaternary system. Besides, the values also decrease when the Ni/Co ratio increases, the regulation 

of which is the same as the ternary system. The TOF values were found to be 52, 64, 79, 146 and 

201 mV/dec, which are also higher than the ternary samples, indicating better OER activity of the 

NCs with the addition of S.  

 

 

Figure 4.13. (a) LSVs measured at a sweep rate of 1 mV/s, (b) Tafel plots and (c) TOF values at η = 

0.35 V of ternary and quaternary Ni-Co-S-Se NCs with various Ni/Co ratios. 

To understand clearly the electrical properties of the as-prepared electrodes/solution interfaces, 

EIS is performed to investigate the electrode kinetics of the OER process. As shown in Figure 4.14, 

the impedance spectra reveal that the Rs of Co0.93S0.39Se0.61, Ni0.25Co0.65S0.4Se0.6, 
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Ni0.57Co0.56S0.38Se0.62, Ni0.78Co0.24S0.42Se0.58, and NiS0.41Se0.59 NCs are approximately 11, 7.4, 9.6, 

10.3 and 12.6 Ω, respectively (see Table 4.5). The Ni0.25Co0.65S0.4Se0.6 NCs possess the lowest Rs, 

and they are an excellent catalyst for OER. Again, the Rs of these quaternary samples is lower than 

the value of their ternary counterparts, confirming that the addition of S is an effective method to 

obtain electrocatalysts with better performance. The Rs is also influenced by the Ni/Co ratio. It is 

verified again that the synergistic effect reaches maximum when the Ni/Co ratio is 1/2.5, following 

the same trend as how Ni/Co ratio influences the Rs of the ternary NCs. 

 
Figure 4.14. Impedance spectra of electrodes measured at open circuit potential of ternary and 

quaternary Ni-Co-S-Se NCs with various Ni/Co ratios. 

Cdl, which is believed to be positively proportional to the ECSA, has also been determined by 

measuring the CV curves in the potential range from -0.02 ~ -0.08 V vs. Ag/AgCl without redox 

processes. As can be seen, like the samples with different S/Se ratios, although these 5 samples have 

similar size and morphology according to the TEM pictures in Figure 4.12, their value of Cdl has a 

big difference, the highest (Co0.93S0.39Se0.61: 0.8 mF/cm2) and lowest (NiS0.41Se0.59: 0.005 mF/cm2) 

are not even on the same scale (see Figure 4.15 and Table 4.5). Besides, the ECSA is not the only 

factor to influence the OER activity. The ternary Co0.93S0.39Se0.61 NCs actually have the largest 
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ECSA among all the samples instead of the best-performing Ni0.25Co0.65S0.4Se0.6 NCs (0.41 

mF/cm2), which means that Co0.93S0.39Se0.61 NCs have more active sites than Ni0.25Co0.65S0.4Se0.6 

NCs. However, Ni0.25Co0.65S0.4Se0.6 NCs have higher TOF and Rs which results in faster charge 

transfer, thus the OER performance of Ni0.25Co0.65S0.4Se0.6 NCs are better than Co0.93S0.39Se0.61 NCs. 

As to the rest three samples Ni0.57Co0.56S0.38Se0.62 (0.15 mF/cm2), Ni0.78Co0.24S0.42Se0.58 (0.005 

mF/cm2), and NiS0.41Se0.59 (0.002 mF/cm2) NCs, the Cdl is quite low and not comparable to the first 

two samples, which means that there are no enough active sites for OER thus hindering their 

activity in the OER. 

 
Figure 4.15. The EDLC measurements of (a) Co0.93S0.39Se0.61, (b) Ni0.25Co0.65S0.4Se0.6, (c) 

Ni0.57Co0.56S0.38Se0.62, (d) Ni0.78Co0.24S0.42Se0.58, and (e) NiS0.41Se0.59 NCs at different scan rates and 

the corresponding Cdl linear fitting and calculation (f).  



Synthesis of Cation and Anion Alloyed Quaternary Ni-Co-S-Se 
NCs and Their Application in OER 

 

91 
 

Table 4.5. Various electrochemical parameters of Ni-Co-S-Se on FTO electrodes.  

Sample Onset 

potential 

(mV) 

η/mV at  

j = 10 

mA/cm2 

Tafel 

slope 

(mV/dec) 

Rs 

(Ω)/cm2 

TOF  

(×10-3 s-1) 

ECSA 

(mF/cm2) 

Co0.93S0.39Se0.61 317 392 52 11 4.23 0.8 

Ni0.25Co0.65S0.4Se0.6 262 358 64 7.4 24.84 0.41 

Ni0.57Co0.56S0.38Se0.62 324 433 79 9.6 4.06 0.15 

Ni0.78Co0.24S0.42Se0.56 355 515 146 10.3 2.11 0.005 

NiS0.41Se0.59 440 694 201 12.6 0.43 0.002 

Figure 4.16 presents the CV curves of this group of samples. Similar as the regulation 

concluded from the ternary Ni-Co-Se group, the position and the intensity of the redox peaks 

heavily depend on the Ni/Co ratio. Higher Ni/Co ratio result in the closer position to Ni oxidation 

peak and lower intensity. In case of Co0.93S0.39Se0.61 NCs, two separated peaks appearing at around 

1.1 and 1.45 V vs. RHE stand for the oxidation peak of CoII to CoIII and CoIII to CoIV. These results 

are the same as the corresponding ternary system except that all the quaternary samples have higher 

peak intensity compared to their ternary counterparts. While in case of NiS0.41Se0.59 NCs, the 

absence of redox peaks indicates that there is no formation of oxidation of Ni, which is similar as its 

binary counterpart NiSe. 

 
 

Figure 4.16. CVs of quaternary Ni-Co-S-Se NCs with various S/Se ratios. 
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In addition, since the best Ni0.25Co0.65S0.4Se0.6 NCs after OER are already analyzed in the 

above section, Co0.93S0.39Se0.61 and NiS0.41Se0.59 NCs were chosen to be analyzed after OER to 

further study the influence of individual Ni and Co. From Figure 4.17a, it is clear that after OER the 

Co0.93S0.39Se0.61 is totally converted to Co(OH)2, while NiS0.41Se0.59 NCs remain the original NiSe 

structure. According to the TEM pictures of these three samples, the morphology of all the samples 

is changed (Figure 4.17b-c). From these results we can speculate that samples with relatively more 

content of Co, like Co0.93S0.39Se0.61 and Ni0.25Co0.65S0.4Se0.6, can form Co(OH)2 which is helpful to 

improve the OER activity. However, it seems NiS0.41Se0.59 is not able to be oxidized to Ni(OH)2 

which is also an active material good for OER. 

 

 

Figure 4.17. (a) XRD patterns and TEM images of (b) Co0.93S0.39Se0.61 and (c) NiS0.41Se0.59 NCs 

after OER. 

These results and with the ternary system encourage us to investigate more details of the 

relationship between the redox peaks and the chemical transformation. For comparison, nine 

samples are chosen according to their composition and classified into three groups by the type of 

the cations. As shown in Figure 4.18a-c, the XRD patterns show the phases of different metal 

chalcogenides without any impurities. All these samples are used for OER and the CVs before OER 

are shown in Figure 4.18d-f. It is obvious that the redox peaks depend on the type of the cations 

despite the types of the chalcogens and the phases, since these peaks belong to the oxidation peaks 

of the metals. Specifically, all the Co chalcogenides samples are characterized by two peaks at 

around 1.1 and 1.45 V vs. RHE which can be attributed to the oxidation of CoII to CoIII and CoIII to 

CoIV, which was analyzed in Chapter III. The XRD patterns of all the samples on FTO substrates 

also provide the evidence that all the samples were oxidized to Co(OH)2 (Figure 4.18g). Ni-Co 

chalcogenides all have one strong broad peak which is arises as a consequence of the synergistic 

effect of Ni and Co, while almost no peaks are detected after OER because probably these three 

samples form mostly amorphous or very small oxides (Figure 4.18h, 4.10 and 3.19). Interestingly, 

no redox peaks are detected for NiSe, NiS0.41Se0.59 and Ni3S2, which means that these chalcogenides 
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do not oxidize under OER operational conditions. The XRD patterns on FTO substrates after OER 

also prove that the phases of all the Ni chalcogenides remain original (Figure 4.18i). The reason of 

the difference in transformation of the chemical structure is unknown. According to the current 

results, it might be related to the kind of the transition metals. On the other side, the lack of 

transformation into chemical structure among Ni chalcogenides also leads to the poor performance 

in OER of Ni chalcogenides, as the oxides provides large amount of active sites according to 

theliteratures.11-13 

 

Figure 4.18. XRD patterns of (a) Co chalcogenides, (b) Ni-Co chalcogenides and (c) Ni 

chalcogenides. CVs of (d) Co chalcogenides, (e) Ni-Co chalcogenides and (f) Ni chalcogenides. 

XRD patterns on FTO substrates after OER of (g) Co chalcogenides, (h) Ni-Co chalcogenides and 

(i) Ni chalcogenides. Parameters of Co9S8: 1 mol of Co(acac)2, 0.3 mL of DDT and 10 mL of ODE. 

250 °C for 1 h. Parameters of Ni3S2: 1 mol of Ni(acac)2, 0.3 mL of DDT and 10 mL of ODE. 250 °C 

for 1 h. 
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4.4 Conclusions 

In conclusion, we have developed a colloidal synthesis route to produce quaternary Ni-Co-S-

Se NCs with controllable compositions and hexagonal crystal structure.  

Then we used the quaternary NCs to test the OER performance. It is found that the addition of 

S to the ternary compounds, thus forming quaternary alloy Ni-Co-S-Se NCs, led to a systematic 

improvement in the final OER activity. We found that the presence of S resulted in the formation of 

crystal defects inside the alloy NCs. Such defects, in turn, acted as preferential nucleation sites for 

the formation of small NiO-CoO NCs and ultrathin Co(OH)2 nanosheets during the OER, and these 

species/compounds are believed to have promoted the final OER performance of the catalyst. 

Moreover, the quaternary Ni-Co-S-Se NCs with tunable Ni/Co ratios have the same trend in the 

OER activity but better activity than their ternary counterparts. The results provide more evidence 

that the addition of S can improve the OER activity remarkably. 
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Chapter V Colloidal Ru-Decorated Binary Selenide 

Nanocrystals with Enhanced Hydrogen Evolution 

Reaction 

5.1 Introduction 

With rising concerns about an energy crisis, present efforts are aimed at finding clean and 

renewable energy resources to lessen our reliance on fossil fuels. Hydrogen is considered as an ideal 

fuel for the future as it is the most abundant element in the universe and it burns without producing 

toxic species.1 Among various approaches to generate hydrogen, the electrolysis of water is the 

most attractive one as it is cheap and environmentally sustainable.2-3 In the past decades, 

tremendous efforts have been made to develop efficient hydrogen evolution reaction (HER) 

catalysts based on both noble and non-noble elements.4-5 Examples are noble metals (platinum,6 

iridium,7 gold,8 ruthenium9 and their alloys10), transition metal chalcogenides (MoS2,
11-12 FeS2,

13 

WS2,
14 CoS2,

15 CoSe,16-17 NiS,18-19 and NiSe20), metal carbides (Mo2C
21),22 metal borides (MoB),23 

metal nitrides (CoMoNx
24),22 and metal phosphides (Ni5P4,

25 CoP,26 FeP,27 MoP28 and WP29) which 

were shown to be good HER catalysts. 

However, among them, the best catalytic materials for the HER are still expensive noble-

metal-based materials. In order to reduce the cost and reserve the electrocatalytic activity 

meanwhile as much as possible, the exploration of noble metal nanoparticles supported by matrixes 

which can provide large surface area, increase conductivity or achieve synergetic effect with the 

noble metal nanoparticles, is currently a hot research topic.30-31 Carbon materials such as carbon 

nanotubes32 and graphene are widely used as supports due to the high electrical conductivity and 

huge surface area. But it is proved that these carbon-based supports are not electrocatalytically 

active.33  Moreover, the N or P doping carbon materials which function as eletrocatalysts are 

considered as more effective supports than the pure carbon materials, but the doping procedure 

requires high reaction temperature (around 1000 °C) and multistep process.34 Besides, transition 

metal chalcogenides are also reported as support for noble metal nanoparticles and provide active 

sites for HER as well.30, 35 However, the stability of these noble metal and transition metal 

chalcogenides combinations remains a problem because of the corrosion from the electrolyte and 

the aggregation from during HER. Thus to search for a suitable support which is able to optimize 
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the electrocatalytic property of the noble metals becomes a new strategy for discovering efficient 

electrocatalysts. 

On the other hand, Ru has been recently employed and studied in HER electrocatalytic 

applications since it possesses a similar bond strength with hydrogen (~0.4 eV) compared to 

platinum, which is still the most efficient electrocatalyst for HER.36 Although metallic Ru is active 

in catalyzing the HER, the dissolution of Ru during the catalytic reaction results in the low stability 

of pure Ru.37 Therefore, the combination of Ru and other materials as heterostructures, alloys or 

hybrids becomes an new strategy to sustain the stability for Ru catalyst. For example, Liu et al. 

demonstrated that Ni@Ni2P−Ru heterostructures show better HER performance than pure Ru 

NCs.36 Su et al. synthesized alloyed Ru-Co NCs encapsulated in nitrogen-doped graphene as active 

electrocatalysts in HER.34 Nong et al. dispersed Ru NCs in mesoporous TiO2 as an advanced 

electrocatalyst for HER.  

Motivated by such findings, we decided to use cobalt selenide, which is also an efficient and 

stable electrocatalyst for HER and easy to synthesize according to our previous report, as our 

support for Ru NCs. We developed a simple one-pot colloidal synthesis approach in order to 

incorporate a small ratio of Ru decorated with CoSe and to study the corresponding HER activity. 

Interestingly, the Ru-CoSe NCs exhibited a dramatically accelerated HER kinetics in acidic 

electrolyte and an overpotential as low as 152 mV at the current density of 10 mA/cm2, which are 

better than the pure CoSe support. More specifically, the HER activity of the NCs even surpasses 

that of Pt/C at sufficiently high overpotentials. Moreover, this electrocatalyst was observed to 

undergo chemical transformation in the acidic electrolyte and form a Ru-cobalt oxide-cobalt 

selenide system, which is the real catalyst with a synergistic effect to enhance the electrocatalytic 

property. These results, strongly suggest that Ru decoration of transition metal chalcogenide NCs 

represents an interesting direction toward efficient electrocatalysts and new idea of designing the 

electrocatalysts in HER.  

5.2 Colloidal Synthesis of Ru Decorated CoSe and its Application 

in HER 

5.2.1 Colloidal Synthesis of Ru Decorated CoSe (Ru-CoSe) NCs 

The Ru-CoSe NCs were produced by a colloidal synthesis approach. Typically, 0.05 mmol of 

RuCl3 and 1 mmol of Co(acac)2 were mixed with 10 mL of ODE in a 25 mL round bottom flask 

with an electromagnetic stirring. The mixture was degassed under vacuum at 120 °C for 1 hour to 

remove moisture and oxygen. After that, 1 mmol of Se precursor was injected into the flask under a 



Colloidal Ru-Decorated Binary Selenide Nanocrystals with 
Enhanced Hydrogen Evolution Reaction 

 

98 
 

flow of Ar. The mixture was heated to 250 °C and maintained at that temperature for 5 min under 

stirring. The black product was cleaned twice by redispersion in toluene and precipitation by the 

addition of ethanol. Eventually the product was dispersed in toluene. For comparison, “bare” CoSe 

NCs, that is without any Ru decoration, were also synthesized using the same procedure, but 

without any Ru precursor. The synthesis protocol is shown in Scheme 5.l. 

 

 
Scheme 5.1. Reaction Protocols for the synthesis of Ru-CoSe NCs. 

Electrode Preparation. The NCs dispersed in ethanol can be directly used as an ink to coat on 

Ti foil substrates. 1.25 mg of NCs dispersion was drop-casted on 1 cm × 1 cm of Ti substrates. 

Then the electrodes were dried in air and annealed at 400 °C for 30 min under Ar atmosphere to 

remove the organic ligands on the surface of the samples. 

5.2.2 Conventional Characterization 

In order to test the effects of the incorporation of Ru inside CoSe, we synthesized both CoSe 

and Ru-decorated CoSe NCs (see the experimental part for details). After the synthesis, both 

samples were annealed at 300°C for 30 min under Ar with the aim of removing the native ligands 

(see the experimental part for details). Figure 5.1 shows the XRD patterns of Ru-CoSe and “bare” 

CoSe NCs indicating that the crystal phase of both NC products can be indexed with the hexagonal 

CoSe (ICSD number 53959) phase. However, the elemental analysis of CoSe and Ru-CoSe 

samples, performed via ICP-AES, showed atomic ratios of Co/Se are 1.06 and 0.96, suggesting a 
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composition of CoSe.  

 
Figure 5.1. XRD patterns of CoSe and Ru-CoSe NC samples together with the bulk reflections of 

hexagonal CoSe (ICSD: 53959) 

To further investigate the microstructure and chemical composition of our samples, we 

performed TEM and HRTEM characterizations. From the TEM micrographs the size of CoSe and 

Ru-CoSe NCs (Figure 5.2a, b) is around 10 nm. Figure 5.2c, d show HRTEM images of Ru-CoSe 

NCs in which the lattice fringes with spaces of 1.96 Å were observed, consistent with the distance 

of both (01-2) and (1-1-2) plane of the hexagonal CoSe phase (Figure 5.2e). The STEM-EDS 

mapping and line scan of Ru-CoSe NCs (Figure 2f, g) revealed that Ru was uniformly distributed 

inside CoSe NCs, with a Ru:Co ratio of 1.6:40 (4%).  
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Figure 5.2. TEM images for (a) CoSe and (b) Ru-CoSe. (c) HRTEM image, (d) a region magnified 

of panel (c) and (e) the corresponding FFT pattern, (f) STEM-HAADF image and elemental maps 

of Ru, Co, and Se. (g) EDX line scan over a single NC of Ru-CoSe NCs. 

To better elucidate the chemical composition of the samples we also performed XPS 

measurements, which are displayed in Figure 5.3a. In both CoSe and Ru-CoSe NC samples, four 

binding energies, Co 2p3/2, Co2+ 2p3/2, Co 2p1/2 and Co2+ 2p1/2 at 778, 781.2, 793 and 797 eV 

respectively, were observed in the high-resolution Co 2p spectrum, suggesting the existence of +2 

and 0 oxidation states of Co (Figure 5.3b). As regarding CoSe NCs, two peaks appearing at 53.9 eV 

and 54.7 eV are related to the Se 3d5/2 and Se 3d3/2. Meanwhile, the broad peak at 59 eV is a mixture 

of SeOx and Co 3p, which is in accordance with previous report,38 implying the presence of SeO2 on 

the surface of CoSe.39 Se 3d in Ru-CoSe NCs has the similar condition compared to the oxidation 

state of Se 3d of CoSe NCs (Figure 5.3c). The Ru 3d peaks (blue line) in the Ru-CoSe NC sample 

were located at 280 and 284.2 eV are, indicating that Ru3+ ions were reduced to Ru(0) during the 

synthesis (Figure 5.3d), most likely conducted by the OAm.40 Interestingly, the amount of Ru 

detected by XPS in Ru-CoSe NCs was around 8%, which suggests, if compared to what emerged 
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from the EDS analyses (4%), that probably Ru atoms are localized on the surface of the NCs as 

small clusters as metallic oxidation state, which are also analyzed in the CoP system.31 

 
Figure 5.3. (a) XPS survey spectra of CoSe and Ru-CoSe NCs. XPS high resolution spectra of Co 

2p (b), Se 3d (c) and Ru (d) for CoSe and Ru-CoSe NCs. 

5.2.3 HER 

To explore the effects of the presence of Ru on the electrocatalytic properties of CoSe NCs, the 

HER activities of both Ru-CoSe and CoSe NCs were characterized in detail. The polarization 

curves with the iR correction are illustrated in Figure 5.4a: the Ru-CoSe NCs exhibit an excellent 

HER performance with a low overpotential of 152 mV (to achieve 10 mA/cm2), which is 

considerably lower than that of pristine CoSe NCs (228 mV). In order to understand the intrinsic 

HER activities of the electrocatalysts, we calculated the Tafel slopes from the corresponding 

polarization curves (see Figure 5.4b). The Tafel slope of Ru-CoSe NCs was as low as 37 mV/dec, 

close to the value of the Pt/C reference electrode (35.5 mV/dec), while CoSe NCs had a higher 

slope of 46 mV/dec. This indicates that hybridizing a small amount of Ru with CoSe indeed 



Colloidal Ru-Decorated Binary Selenide Nanocrystals with 
Enhanced Hydrogen Evolution Reaction 

 

102 
 

substantially helps to accelerate the HER kinetics. The low Tafel slope of Ru-CoSe NC sample 

suggested that the HER kinetics employing this catalyst could be explained taking into account two 

steps of reactions: an initial Volmer step (H+ + e
—
 → Hads) followed by a combination of Heyrovsky 

reaction (Hads + H+ + e
—

→ H2) and Tafel reaction (2Hads → H2). The second step, in which adjacent 

adsorbed or ionic H combine to form H2 molecule, was found to be the rate limiting step in this 

HER as the value of the Tafel slope is between 30 mV/dec (when Tafel reaction is dominating) and 

40 mV/dec (when Heyrovsky reaction is dominating). EIS measurements performed on our HER 

catalysts, revealed that the presence of Ru on CoSe NCs support lowered the overall charge-transfer 

resistance (Rct) than both CoSe and Pt/C NCs, suggesting a facile kinetics toward hydrogen 

evolution. (see Figure 5.4c). Furthermore, we calculated the TOF values which reflect the intrinsic 

electrocatalytic activity of a catalyst. As shown on the left of Figure 4d, the TOF values at different 

overpotentials for each active site of Ru-CoSe NCs and Pt/C NCs in acidic solution were calculated 

considering Ru and Pt as active sites, finding 0.5, 1.25 and 2.07 H2 s
-1 for Ru-CoSe NCs at 200, 250 

and 300 mV, and 1.28, 1.65 and 2.1 H2 s-1 for Pt/C NCs. It is interesting to see that the TOF is 

improved dramatically by the Ru clusters, and the value is comparable to Pt/C NCs under higher 

overpotential, indicating excellent H2 production efficiency on each active site of Ru-CoSe NCs. 

Besides, the mass activity of the HER normalized to Ru (for Ru-CoSe NCs) and Pt (for Pt/C NCs) 

loading was calculated at 200, 250 and 300 mV, respectively. Remarkably, the mass activity of the 

Ru-CoSe NCs exceeds that of Pt/C NCs at 250 mV, and is 2 times higher than Pt/C NCs. These 

findings suggest that the Ru element in Ru-CoSe NCs can significantly increase the activity at 

higher overpotential in comaparison to the Pt element in the Pt/C compound. 

 
 Figure 5.4. (a) LSV polarization curves, corresponding (b) Tafel plots, (c) EIS Nyquist plots and 
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(d) TOF and mass activity (MA) values of Ru-CoSe and Pt/C NCs. 

These findings suggested that the addition of Ru in CoSe NCs does not lead to an increase in 

the number of active sites, but it strongly enhances the charge transfer speed. As it is well known, 

the metal–hydrogen (M–H) bond plays an important role in the HER: a strong M–H bond facilitates 

an easy adsorption of intermediate hydrogen and a difficult product desorption, while a weak M–H 

bond promotes the product desorption but restrains the adsorbed hydrogen. According to the 

literature, it is known that Ru has a weaker M-H bond (~0.245 eV) than Co (~0.41 eV).40-44  Since 

for both CoSe and Ru-CoSe NCs the Heyrovsky reaction is the rate limiting step, it is possible that 

the function of Ru in CoSe is to accelerate the H2 desorption from the surface of the catalyst, which 

is also supported by the TOF values measured for Ru-CoSe (0.5 H2 s
-1) and CoSe (1.94×10-3 H2 s

-1) 

at the overpotential of 200 mV. Although CoSe NCs have a larger Cdl (1.52 mF/cm2) than Ru-CoSe 

NCs (0.87 mF/cm2), that means they are characterized by more active sites, probably the adsorption 

of intermediate hydrogen and desorption of H2 are faster on the surface of Ru-CoSe NCs, thus Ru-

CoSe still has better kinetics though it has less Cdl. 

 

5.2.4 Mechanism of HER of Ru-CoSe NCs  

Moreover, in order to understand the mechanism of HER on Ru-CoSe NCs, we also performed 

CV measurement and the XRD characterization after 20 and 40 cycles. The results of the analysis 

are reported in Figure 5.7. Ru-CoSe NCs went through a chemical transformation from hexagonal 

CoSe (ICSD number: 53959) to monoclinic Co3Se4 (ICSD number: 99990) after 20 cycles of CV, 

then the Co3Se4 phase finally transformed to cubic CoSe2 (ICSD number: 624998) structure after 40 

cycles (Figure 5.7a-b), which was corroborated by the ICP elemental analysis (Table 5.1). This was 

further confirmed by the elemental analysis of the electrolyte used for the HER which was 

characterized by a Co/Se ratio as high as 2.79. This suggested that the Co extracted from the NCs 

during the chemical transformation from the CoSe to the CoSe2 composition, was eventually 

solubilized in the electrolyte. It should be mentioned that Ru is not detected in the electrolyte, which 

suggests that Ru particles remain on the electrode. The corresponding CV curves in Figure 5.7c 

showed that the HER activity was improved when the chemical structure was changed from CoSe 

to Co3Se4 after 20 cycles. While after 40 cycles, a slight increase of the overpotential was observed. 

This might result from the delamination of the catalyst from the substrate after CV cycles since both 

Co and Se were detected in the electrolyte (see Table 5.1).  
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Figure 5.5. (a) XRD patterns, (b) the magnification of the XRD patterns from 32 to 36°, and (c) CV 

polarization curves on Ti substrates of Ru-CoSe NCs after 0, 20 and 40 cycles.  

Table 5.1. Elemental analysis of Ru-CoSe NCs under annealing temperature of 400 °C after 40 

cycles of CVs. 

Sample Ratio of Co/Se Ratio of Ru/Co 

Ru-CoSe  0.53 0.1 

Electrolyte  2.79 0 

 

The morphology, structure and composition of Ru-CoSe NCs after HER were further analyzed 

by TEM and HRTEM. The TEM image (Figure 5.6a) of the sample shows that the separated 

nanoparticles (Figure 5.2b) are aggregated and “covered” by the “cloud”. The corresponding SAED 

pattern reveals the phase of CoSe2 (ICSD number: 624998), which is consistent with the XRD 

result (Figure 5.5a-b). To deeper observe the element of the sample, the HAADF-STEM and the 

corresponding EDS elemental mapping were carried out. Figure 5.6c clearly confirms the Co, Se 

and Ru are still distributed uniformly throughout the NCs and the atomic ratio of Co/Se is 0.5 and 

Ru/Co is 0.1, which are in accordance with the ICP elemental analysis. Surprisingly, a large ratio of 

O (atomic ratio 24% among all the elements tested) is also found among the NCs, which means 

probably some oxides or hydroxides are formed among the NCs. The HRTEM image in Figure 5.6d 

shows that the crystals are surrounded by the amorphous substances which are probably Co 

hydroxides, as in the amorphous area some layers can be assigned to Co(OH)2 (ICSD number: 

53994). Another lattice-resolved HRTEM image taken from the NCs shows that the Ru-CoSe NCs 

after HER (Figure 5.6e) shows that the area has two systems of overlapped lattice fringes which can 

be indexed to the fringes from Ru (ICSD number: 40354, the yellow area) and CoSe2 (ICSD 

number: 624998, the red area). This analysis is also proved by the corresponding fast Fourier 



Colloidal Ru-Decorated Binary Selenide Nanocrystals with 
Enhanced Hydrogen Evolution Reaction 

 

105 
 

transform image in Figure 5.6f. Besides, the layered structure which can be Co(OH)2 is also found 

beside the crystals. A linear EDX spectrum over a single NC shows also a small Ru nanoparticle of 

around 1 nm beside the CoSe2 NC, which idcan be another evidence of the formation of Ru 

nanoparticles. These observations reveal that after HER, Co hydroxide layers are formed on the 

surface of the NCs, and the Ru-CoSe NCs undergo a composition transformation from hexagonal 

CoSe phase to cubic CoSe2 phase with the extraction of Co from the lattice. Meanwhile, probably 

some Ru clusters decorated on the surface of the cobalt selenides are aggregated since Ru 

nanoparticles are found by HRTEM image (Figure 5.6e) and EDX spectrum (Figure 5.6g). 

 

 

Figure 5.6. (a) TEM and (b) SAED pattern, (c) EDS mapping and (d-e) HRTEM of Ru-CoSe NCs 
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after HER. (f) Fast Fourier transform image of region (e). (g) EDX line scan over a single NC of the 

Ru-CoSe NCs after HER. 

Then we tested the chemical composition and the valance state of Co, Se and Ru elements on 

the surface of the Ru-CoSe NCs after HER. As shown in Figure 5.7a, the dominant peaks in the Co 

2p XPS spectrum at 781.8 and 797.3 eV assigned to Co2+ 2p3/2 and Co2+ 2p1/2 are from Co2+ 

coordinated to O2- or OH- ions, and are shifted to the higher binding energy compared to the Co2+ 

peaks from the CoSe phase of the sample before HER (Figure 5.3b). This is probably due to the 

oxidation on the surface of the samples during the HER.24 Besides, the metallic Co can be seen at 

778.7 (Co 2p3/2) and 795.5 eV (Co 2p1/2) and these peaks are attributed to the metallic nature of in 

the CoSe2 phase.11 The intensity of these peaks is weak compared to the Co2+ peaks, which reveals 

that the Co hydroxides are more on the surface and probably CoSe2 is covered by these oxides. The 

fitting of Se 3d data reveals Se 3d5/2 (56 eV) and Se 3d3/2 (55 eV) states, which are assigned to the 

Se in the CoSe2 phase (Figure 5.7b). The observed mixture of valance states of SeOx and Co 3p at 

around 59 eV shows more intensive peak than the peaks from Se 3d5/2 and Se 3d3/2, which is on the 

opposite to the results of the sample before HER (Figure 5.3c). This increase of intensity is 

probably from Co 3p due to the Co hydroxides layer on the surface. XPS analysis in the Ru 3d 

region is shown in Figure 5.7c. It can be seen that no any peak related to Ru species was observed 

in this region. This might be because the amount of Ru is quite low and some of the Ru particles are 

covered by the Co hydroxide layers. Besides, the composition determined from the XPS analysis 

suggests that the sample surface is enriched in Co (Co/Se ratio is 72/28), which verifies again the 

existence of Co hydroxide layers on the surface. 

 

Figure 5.7. XPS spectra for the Ru-CoSe NCs after HER in the (a) Co 2p, (b) Se 3d and (c) Ru 3d 

regions. 

The thermodynamic stability of these cobalt selenide compounds in water with an applied bias 

might explain the CoSe  CoSe2 transformation occurring in our catalyst under HER operational 
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conditions. As reported, the standard Gibbs free energies of formation (1 bar of pressure and 25 °C) 

of CoSe and CoSe2 are −56.3 ± 6.5 and −100.4 ± 15.0 kJ/mol, respectively, indicating that CoSe2 is 

more stable than CoSe at ambient conditions.45 Meanwhile, a potential-pH diagram (Pourbaix 

diagram) of Co-Se-H2O system was plotted in Figure 5.8, where it is possible to see that when the 

applied bias is negative, the only stable phase in the pH rage from 0 to 14 is CoSe2 (trogtalite) only. 

Moreover, since the H* species on the surface are consumed to form H2, the remaining OH* are 

released into the electrolyte creating a temporary liquid layer with high pH value close to the 

surface of the electrocatalysts (Figure 5.9). Under such high pH value, it is possible that the surface 

of the CoSe2 catalyst is oxidized to form Co hydroxide species. 

 

 

Figure 5.8. Potential–pH diagram of the system Co–Se–H2O at 25 °С and the activities of the 

components: aΣSe = 10−4, aΣCo =·10−3.46 

Our results indicated that, overall, the final actual catalyst was composed of a mixture of Ru-

decorated CoSe2 NCs surrounded by a Co oxide/hydroxide matrix (see Scheme 5.2). Thus, in order 

to explain the high HER performance of our catalyst, we propose a concerted interaction of OH- 

with Co hydroxide species and H+ with Ru NCs in which Co hydroxides help in water adsorption 



Colloidal Ru-Decorated Binary Selenide Nanocrystals with 
Enhanced Hydrogen Evolution Reaction 

 

108 
 

and dissociation by forming H* species that are adsorbed on adjacent Ru atoms. Two H* on Ru 

sites then combine to evolve H2, similar to what has been previously shown in the case of Cu-TiO2 

catalyst reported by our group and Li+-Ni(OH)2-Pt system reported by Markovic and co-workers.47-

48 The CoSe2 which has an intimate connection with Co hydroxides can enhance the charge transfer 

speed on Co hydroxides since the conductivity of CoSe2 is greater than the Co hydroxides. This 

enhancement can accelerate the water adsorption and dissociation speed on the surface of Co 

hydroxides thus provide more H* species per unit time. This synergistic effect of Co hydroxides, Ru 

nanoparticles and CoSe2 NCs promotes the HER activity eventually. 

 

Scheme 5.2. Schematic illustration of the mechanism of Ru-Co(OH)2-CoSe2 electrocatalysts for 

HER. 

5.2.5 Influence of the Annealing 

We hypothesized that the main effect of the annealing was to remove the surface ligands, 

which are known as hindrance of the electrocatalytic properties of colloidal NCs.49 Indeed, as 

organic ligands bind metal cations on the surface of NCs, they can reasonably hinder the formation 

of M-H bonds.50 In order to test our hypothesis, we performed TGA and FTIR measurements to 

study the desorption temperature of ligands and if they are present on our catalysts after the 

annealing step. As shown in Figure 5.9a, the thermogravimetric scans of Ru-CoSe NCs reach a 

plateau at around 400 °C, and the ligand stripping process involves a total weight loss of around 

14%. As shown in Figure 5.9b, before annealing, Ru-CoSe NCs shows strong IR peaks at 2853 and 

2922 cm-1, which are due to the symmetric and asymmetric CH2 stretching modes, respectively. A 

weak peak at 1459 cm-1 could be ascribed to the NH2 scissoring mode,51-52 suggesting, thus, that in 
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both samples the NCs are passivated by OAm. After annealing the samples at 400 °C, we observed 

the complete disappearance of absorption features in the FTIR spectrum of Ru-CoSe NCs, 

confirming the complete removal of organic ligands from such sample.  

 

Figure 5.9. (a) Thermogravimetric scans for Ru-CoSe NCs. (b) FTIR spectra of Ru-CoSe NCs 

before and after annealing at 400 °C. The FTIR spectra were normalized to the amount of absorbing 

material. 

The comparison in electrocatalytic properties of Ru-CoSe NCs before and after annealing is 

distinct. Figure 5.10a shows the LSVs at a scan rate of 10 mV/s for Ru-CoSe NCs before and after 

annealing. Before annealing, the Ru-CoSe exhibits a larger overpotential of 247 mV at 10 mA/cm2 

than the potential after annealing (152 mV). For further insight into the HER activity, Tafel plots are 

shown in Figure 5.10b. The fitting calculation shows a Tafel slope of 68 mV/dec for Ru-CoSe 

before annealing, which is larger than that of the sample after annealing (37 mV/dec). To gain a 

better understanding of the HER kinetics occurring at the electrode/electrolyte interface, EIS 

measurements were carried out with a potential of -0.2 V vs. RHE. The corresponding Nyquist plots 

are shown in Figure 5.10c. The Rct of the sample was observed to be reduced after the annealing, 

implying a remarkable improvement in HER kinetics. In addition, the Cdl is used for representing 

the ECSA and the calculated capacitance of Ru-CoSe NCs before and after annealing is 0.25 and 

0.87 mF/cm2, respectively (Figure 5.10d). This implies that the surface area is enlarged by 

annealing. At last, by calculating the TOF at η = 350 mV, we found that annealing is helpful to 

increase the H2 production efficiency by levels from 0.012 to 0.21 H2 s
-1.  
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Figure 5.10. (a) LSV polarization curves, corresponding (b) Tafel plots, (c) EIS Nyquist plots and 

(d) Cdl and TOF values of Ru-CoSe NCs before and after annealing. 

5.2.6 Stability 

Finally, we tested the long-term stability of the Ru-CoSe catalyst by chronopotentionmetry at 

an applied current density of -10 mA/cm2 for more than 80 h (Figure 5.11). In the initial 20 h, the 

potential gradually decreased: this could be explained considering that, initially, the electrocatalyst 

goes through a composition transformation from CoSe to CoSe2. Meanwhile the surface of the 

catalyst is oxidized gradually to Co hydroxides. These changes can reconstruct a better system for 

HER as we discussed above. After 20 h, the catalyst showed an excellent stability, with an increase 

of the potential of only 0.04V at -10 mA/cm2 after 80 h. This slight increase in the potential is 

probably caused by the drop of the NCs from the electrode, since Co and Se is detected by ICP 

measurement in the electrolyte after the stability test. 
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Figure 5.11. Chronopotentionmetry plot at a constant cathodic current of -10 mA/cm2. 

5.3 Colloidal Synthesis of Ru Decorated NiSe and its Application 

in HER 

Synthesis of Ru decorated NiSe (Ru-NiSe) NCs. Typically, 0.05 mmol of RuCl3 and 1 mmol 

of Ni(acac)2 were mixed with 10 mL of ODE in a 25 mL round bottom flask with an 

electromagnetic stirring. The mixture was degassed under vacuum at 120 °C for 1 hour to remove 

moisture and oxygen. After that, 1 mmol of Se precursor was injected into the flask under a flow of 

Ar. The mixture was heated to 250 °C and maintained at that temperature for 5 min under stirring. 

The black product was cleaned twice by redispersion in toluene and precipitation by the addition of 

ethanol. Eventually the product was dispersed in toluene. For comparison, “bare” CoSe NCs, that is 

without any Ru decoration, were also synthesized using the same procedure, but without any Ru 

precursor.  

Electrode Preparation. Typically, 5 mg of NCs were dispersed in 2 mL of solution (ethanol + 

0.25 wt% of Nafion® 117 solution) and used as an ink. The performance with this kind of ink is 

better than the direct ethanol solution for Ru-NiSe (Figure 5.12). 0.625 mg of NCs dispersion was 

drop-casted on 1 cm × 1 cm Ti substrates. Then the electrodes were dried in air and annealed at 

300 °C for 30 min under Ar atmosphere to remove the organic ligands on the surface of the 
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samples. 

 
Figure 5.12. Comparison of the HER performance of Ru-NiSe with different inks.  

Conventional characterization. The as-prepared NiSe and Ru-NiSe NCs were prepared 

according to the experimental procedure and annealed at 400 °C for 30 min under Ar atmosphere. 

The XRD patterns of the samples were shown in Figure 5.13a, exhibiting that both of NiSe and Ru-

NiSe NCs inherited the hexagonal NiSe structure (ICSD number: 29310) except that Ru-NiSe has a 

small amount of cubic Ni3Se2 phase (ICSD number: 655498). The corresponding TEM images are 

illustrated in Figure 5.13b-c. The images of both NC samples showed an average particles size of 

around 40 nm. As shown in Figure 5.13d, the images of elemental mapping from SEM showed that 

all the elements including Ru (atomic ratio 0.64%), Ni (atomic ratio 45.75%) and Se (atomic ratio 

53.6%) were uniformly distributed among the NCs, further providing the evidence that Ru might 

decorate without aggregation on the surface of NiSe NCs. 
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Figure 5.13. (a) XRD patterns of NiSe and Ru-NiSe NCs. TEM images of (b) NiSe and (c) Ru-

NiSe NCs. (d) EDS mapping of Ru-NiSe NCs. 

Electrochemical characterization. The electrocatalytic HER performance of Ru-NiSe NCs 

was evaluated and compared to that of NiSe NCs and the “reference” 20% Pt/C catalyst. Figure 

5.14a shows the LSV curves of the different catalysts in 0.5 M H2SO4: a decrease in the HER 

activity (based on the onset potential) was observed in the following order: 20% Pt/C > Ru-NiSe >> 

NiSe. Besides, the overpotential at current density equal to -10mA/cm2 for Ru-NiSe is 125 mV, 

which is much lower than that of NiSe NCs. Additionally, Ru-NiSe has a Tafel slope of 32.3 

mV/dec, even smaller than that of 20% Pt/C (35.5 mV/dec) and much better than that of NiSe (122 

mV/dec), indicating that Ru-NiSe has faster catalytic kinetics than the individual NiSe (Figure 

5.14b). The EIS showed that Ru-NiSe had a much lower Rct than NiSe, indicating the electron 

transfer rates in HER was much faster in the presence of Ru-NiSe than NiSe (Figure 5.14c). Also, 

the calculated TOF is 0.25 H2 s
-1 at overpotential of 350 mV if all the Ni and Ru are considered as 

the active sites, outperforming NiSe without Ru decoration (Figure 5.14d).  
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Figure 5.14. (a) LSV polarization curves, corresponding (b) Tafel plots, (c) EIS Nyquist plots and 

(d) Cdl and TOF values of Ru-CoSe NCs before and after annealing. 

All of these electrochemical characterizations prove that a small amount of Ru, which acts as 

the decoration, can improve the activity of NiSe dramatically. This might be because the addition of 

Ru can modify the adsorption free energy of intermediate thus enhancing the performance.36 

Besides, the synergistic effect from a mixture of NiSe and Ni3Se2 phases can be another reason why 

Ru-NiSe has better performance according to other literatures.53-54  

5.4 Conclusion 

In summary, we synthetized Ru-decorated CoSe and NiSe NCs which exhibited excellent 

activity for the HER. The catalyst was produced by a simple and cheap one-step colloidal method in 

which Co(acac)2 or Ni(acac)2 and RuCl3 were reacted with a OAm-Se complex at 250 °C. The 

presence of Ru was observed to strongly enhance the electrocatalytic properties of CoSe and NiSe 

NCs, mainly by improving the kinetics, resistance, and efficiency of H2 production (TOF).  
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Besides, by studying the influence of the annealing, it is found that the long-chain amine 

ligands have a negative influence on HER properties and can be removed by annealing at 400 °C in 

Ar atmosphere. This is an efficient way to improve the HER activity of the materials from colloidal 

synthesis. Moreover, a chemical structure conversion was observed from CoSe to CoSe2, the 

surface was oxidized and aggregated Ru nanoparticles were formed during HER. Such processes 

are beneficial for enhancing the charge transfer speed and leading to a boost in HER. This present 

work highlights that the coupling a small ratio of Ru with the transition metal chalcogenides could 

improve the performance and the Ru-NiSe is also an example. The synthetic strategy may also be 

extended to incorporate other similar noble metals into metal chalcogenide NCs. 
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Chapter VI Summary and Perspective 

This PhD project mainly focuses on designing and synthesizing novel electrocatalysts by 

economic transition metal chalcogenides to replace rare metal materials. The achievements and 

innovation points of the project are listed as follows: 

Firstly, we created a facile colloidal synthesis route to produce nanocrystals of ternary Ni-Co-

Se and quaternary Ni-Co-S-Se transition metal chalcogenides. By tuning the experimental 

parameters such as the type and ratio of precursors and solvents, the reaction time and temperature 

we could control the structure, composition and size of the resulting nanocrystals.  

Secondly, we synthesized a ternary Ni1-xCoxSe NCs with control over the composition and we 

tested their performance in the OER. In the alkaline electrolyte (1 M KOH), we found that the OER 

activity has a close relationship with the Ni/Co ratio. The sample with the smallest onset potential 

(277 mV) was the one having (or being characterized with) a Ni/Co ratio of 1/2.5. By analyzing the 

material after OER, we found that the chalcogenide NCs were changed to mostly amorphous 

oxides, which function as the real catalyst. 

Thirdly, we alloyed also the cations and synthesized quaternary Ni-Co-S-Se NCs with different 

S/Se and Ni/Co ratios. It is found that S/Se ratio can only arrange from 0 to 2/3 if the crystal 

structures maintain the hexagonal structure because of the discrepancy in size between S and Se. 

Moreover, Ni0.25Co0.65S0.4Se0.6 NCs are the best electrocatalysts among all the prepared 

chalcogenides. During the OER, the chalcogens are lost and the Ni0.25Co0.65S0.4Se0.6 NCs are totally 

oxidized. The good performance probably results from the final small NiO/CoO NCs and ultrathin 

Co(OH)2 nanosheets formed from the defect-rich NCs. Besides, the group of the quaternary NCs 

with different Ni/Co ratios has the same trend with their ternary counterparts but better 

performance. This proves again the affinity between Ni/Co ratio and the OER activity. 

At last, we applied doping strategy on the binary chalcogenides. The doping of CoSe and NiSe 

NCs with a small amount of Ru (4% in CoSe and 0.64% in NiSe) can improve the charge transfer 

efficiency of the NCs and, thus, their HER performance. The mechanism is investigated in Ru-CoSe 

NCs. The oxidation of the surface, the composition transformation from CoSe to CoSe2 and the 

formation of Ru nanoparticles during HER are found beneficial for boosting the electrocatalytic 

activity. Besides, annealing is found to be another crucial factor to remove the ligands and improve 

the performance.  

Besides, a suitable surfactant is necessary to control the shape of the NCs, and this is a 

problem to be solved in the future in the methodology of the synthesis. 

By using different strategies to improve the electrocatalytic properties of transition metal 
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chalcogenides, the above achievements are obtained after a lot of trials and errors. During this 

research on the mechanism of electrocatalysis, we found that all these different strategies are 

helpful to improve the properties of the electrocatalysts thus optimize the electrocatalytic activity. 

All of these efforts are significant for designing efficient inexpensive electrocatalysts for HER and 

OER and carrying forward their applications in the industry field. 
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