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MULTIFUNCTIONAL CARBON-SUPPORTED COBALT-NICKEL COMPOUNDS FOR WATER
SPLITTING AND ENERGY STORAGE APPLICATIONS

An Abstract of the Thesis by
Wang Lin

Hydrogen energy has high hopes as a representative of green energy in the pursuit
of effectively reducing carbon emissions and mitigating climate change. According to the
latest research, compounds of cobalt and nickel have been widely studied as alternatives
to precious metals as catalysts for the electrolysis of water. Based on prior research, a
hydrothermal method to grow cobalt-nickel hydroxide on pre-carbonized nickel foam was
proposed. To compare the modification results of these materials by different activation
methods, calcination, sulfidation, and phosphorization were performed on the materials.
Among all the samples, the phosphorized material not only had superior performance
compared to commercial materials in the catalytic reaction of hydrogen and oxygen
evolution, but also exhibited satisfactory performance as an energy storage material for
supercapacitor applications. In addition, an electrochemical synthesis method was used
to simplify the synthesis of the cobalt-nickel compounds. The results show that the cobalt-
nickel phosphide material derived from the electrochemical synthesis method has great

potential in the field of flexible supercapacitors.
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CHAPTER |

INTRODUCTION

To better respond to the energy crisis and solve environmental pollution problems,
a consensus has been reached to reduce dependence on and use of fossil fuels [1][2][3].
Presently, the consumption of petroleum by automobiles accounts for half of the world's
total petroleum extraction [4], making the development of alternatively fueled vehicles
an effective way to significantly reduce dependence on fossil fuels [5]. Battery technology
has reached a high level, and electric vehicles using lithium batteries as a power source
have achieved mass production and occupy a certain market scale [6], but suffer several
disadvantages such as the high weight of the battery, long charging time, short cruising
range, and troublesome disposal of used batteries [7][8][9][10]. From the current
consensus on the technical and theoretical limitations of these batteries, it is difficult to
further improve performance to resolve these problems [11][12][13]. Instead, the energy
storage devices that are expected to replace lithium-ion batteries as the power source of
automobiles in the future include supercapacitors and hydrogen fuel cells

[14][15][16][17].



1.1. Supercapacitors

Supercapacitors are an attractive class of energy storage devices that have both
the advantages of batteries and capacitors [18]. Its distinguishing features are high power
density, efficient charge-discharge performance, and ultra-long cycle life [19]. Based on
these characteristics, supercapacitors have broad market application prospects, such as
a power source for electric vehicles [20]. Efficient charging and discharging can remedy
the long charging time of current electric vehicles, which enables their use in long-
distance travel. In addition, a short charging time can boost the efficiency of charging
stations and bring down their high construction costs. These advantages can promote the
development and popularization of electric vehicles. Supercapacitors can be generally
categorized into electric double-layer capacitors (EDLC) and pseudocapacitors based on
their energy storage mechanisms [21].

1.1.1. Electric double layer capacitors

Electric double-layer capacitors are similar to capacitors in their energy storage
mechanism. In the electrochemical system, they rely on the electric double layer
generated by the electrostatic adsorption of charged ions on the surface of electrodes in
the electrolyte to achieve charge storage. This is purely electrostatic adsorption and
desorption process, without any redox process involved, and no charges pass through the
electric double layer. In EDLCs, active materials commonly used include activated carbon
materials, carbon fibers, and graphite. Compared with capacitors, the high specific

capacitance of EDLCs come from the ultra-high specific surface area of the energy storage



material and the extremely small distance between the electric double layers. Typical
features of electric double-layer capacitors are their high rate of performance as well as
their long cycle life. This makes EDLCs suited to systems that require high-power pulses,
such as elevators, forklifts, cranes, etc. However, the biggest problem that electric
double-layer capacitors currently face is their low energy density, which means that
electric double-layer capacitors are not suitable as a power source for electric vehicles
because of their poor cruising range [22][23].
1.1.2. Pseudocapacitors

A pseudocapacitor relies on a high reversible redox reaction for its electrochemical
function. In terms of reaction mechanisms, pseudocapacitors and rechargeable batteries
have many similarities. Materials commonly used as pseudocapacitors include conductive
polymers, transition metal compounds, and precious metals. Compared with electric
double-layer capacitors, the most intuitive advantage of pseudocapacitors is their
considerable energy density. As such, pseudocapacitors have the potential to replace

lithium-ion batteries as a power source for electric vehicles [24][25][26].



1.2. Hydrogen energy

As an alternative to fossil fuels, green hydrogen energy is an ideal energy source
to solve the current energy crises we face [27]. Vehicles powered by hydrogen fuel cells
have great advantages over current electric vehicles. First, hydrogen fuel cell vehicles can
achieve rapid refilling of hydrogen, and in addition, they have excellent endurance due to
the high calorific value of hydrogen energy. The main factor limiting the development of
hydrogen energy vehicles is the high cost of green hydrogen energy production. There are
several methods to generate it, however, water electrolysis is the best method, which
requires an eco-friendly means of electricity that could be generated from wind or solar
energy [28][29][30]. Overall, this method can be a carbon-free and less toxic one. The
main factors of the high cost of green hydrogen energy are electricity and water
electrolysis catalysts. Catalysts play a crucial role in electrochemistry due to their ability
to reduce the energy consumption for reactions. Hence, lots of research on efficient and
low-cost electrocatalysts is the top priority for realizing the mass production of green
hydrogen energy. The water electrolysis process includes two half-reactions,
electrocatalytic hydrogen evolution and electrocatalytic oxygen evolution [31][32].
1.2.1. Hydrogen evolution reaction

The hydrogen evolution reaction (HER) occurs at the cathode of the electrolyzed
water. Under acidic and alkaline conditions, the HER mechanism is basically the same,
except that the source of protons differs. Under acidic conditions, the proton source is

acid, and under alkaline conditions, the proton source is water. Taking acidic conditions



as an example, the reaction mechanisms of the hydrogen evolution reaction mainly fall
into the following three categories: Volmer reaction, Heyrovsky reaction, and Tafel
reaction [33].

The Volmer reaction and Heyrovsky reaction correspond to the electrochemical
adsorption step and the electrochemical desorption step. The electron transfer allows the
proton to gain electrons to form an adsorbed hydrogen atom, then the adsorbed
hydrogen atoms combine with protons in the electrolyte. The third Tafel reaction belongs
to the composite desorption step, and the hydrogen atoms adsorbed on the catalyst
combine with each other to generate hydrogen gas. From the perspective of the reaction
mechanism of the HER, the entire hydrogen evolution process can be divided into two
steps: electron transfer and desorption. The kinetic process of the electrochemical
reaction can be inferred from the magnitude of the Tafel slope. During the hydrogen
evolution reaction, the adsorption and desorption of hydrogen atoms on the catalyst
surface are a pair of competing reactions. If the adsorption is too strong, it is easy to form
hydrogen, but it is not conducive to the discharge of hydrogen. If the adsorption is too
weak, hydrogen formation is difficult but easier to discharge. When a good balance
between adsorption and desorption is achieved, it can show good hydrogen evolution
activity. Catalytic activity is usually characterized by the free energy of hydrogen
adsorption (AGn). The closer AGy is to 0, the easier the hydrogen evolution reaction is.
The relationship between the free energy of hydrogen adsorption and catalytic activity of

several common metals shows a "volcanic" relationship [34][35].
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Figure 1.1. Trends in HER activity plot. Adapted with permission from [33]. Copyright
2014, American Chemical Society.

Among them, Pt-based precious metals have moderate hydrogen adsorption free
energy, and experiments have also proved that they have high hydrogen evolution
reaction rate and catalytic activity. However, Pt-based materials are not practical for large
commercial use due to their rare and expensive nature. Therefore, it is important to
explore catalysts with moderate hydrogen adsorption free energy, or optimize existing
materials for this purpose.

1.2.2. Oxygen evolution reaction
The oxygen evolution reaction (OER) occurs at the anode of electrolyzed water.

The OER process involves a multi-electron transfer process with a slow reaction rate and

6



high overpotential, which causes the high energy consumption of electrolyzed water and
restricts the commercial development of electrolyzed water [36].
The reaction mechanism of OER is [37]:
In acidic electrolytes,
M+ H20 > M-OH + H* + e
M-OH - M-O + H" + e
2M-0 - 0, + 2M
In alkaline electrolytes,
M-O + OH - MOOH + e
MOOH +OH > M+ 02+ H20 + e

Where M represents a metal element which can produce metal-oxygen (M-0)
intermediates in different electrolytes. These intermediates can form O; in two different
ways. Two M-0 intermediates can combine to produce Oy, or a M-OOH intermediate can
form from which O3 is produced. Oxygen evolution involves 4 electron transfers, and the
kinetics of the M-O bond breaking are sluggish, which has a slowing effect on the anodic
reaction of water electrolysis [38][39].
1.2.3. Research status of electrocatalysts

Presently, the best catalysts for hydrogen production from water electrolysis are
still platinum-series precious metals, while RuO; and IrO; are still regarded as the best
OER catalysts. However, these precious metals are naturally scarce, making them

expensive and therefore not suitable for large-scale commercial electrocatalysts. Aside



from precious metals, the following types of materials have also been widely studied as
catalysts for water electrolysis:
(1) Transition metal oxides [40][41], hydroxides [42], phosphides [43], sulfides [44], etc.
(2) Transition metal alloys [45].
(3) The transition metal/metal compound is supported by carbon-based materials
[46][47].
1.3. Content and motivation for the selection of this project

Based on previous studies, we confirmed that cobalt-nickel oxides have great
potential in both energy storage and water electrolysis catalysis. In the previous stage of
research, we investigated the electrochemical characteristics of cobalt-nickel oxide and
cobalt-nickel oxide polyaniline composites. In addition, we found that the activated
carbon material prepared with polyaniline as a precursor has good electrochemical
properties including its outstanding electrochemical stability. Based on previous research
results and others' reports on cobalt-nickel compounds, the target of our work was an
investigation on how to combine carbon materials with cobalt-nickel compounds to
obtain cobalt-nickel compound-carbon composites with better electrochemical
performance. Carbon-supported metal nanoparticles have a high loading and high
dispersibility, which are very beneficial for the construction of ultrathin catalyst layers.
We determined the research method for the synthesis of carbon-supported cobalt-nickel
compounds and their electrochemical properties. In the quest to come up with high-

performance electrodes or electrocatalysts, carbon supports need to have the following



characteristics: high specific surface area to obtain maximum active sites, high
conductivity to minimize voltage drop due to system internal resistance, and high
corrosion resistance to achieve better electrochemical stability [47][48]. Currently, widely
used carbon supports are carbon cloth, carbon nanotubes, carbon black, graphene, etc.
In this work, we used two different substrates which consisted of carbon cloth and nickel
foam with a carbon precursor layer. In the first part of the work, nickel foam with a carbon
precursor layer was used as the substrate, and the hydrothermal method was adopted to
obtain carbon-based cobalt-nickel compounds. In addition, different samples were
calcined, sulfurized and phosphorized to analyze the effect of different techniques on the
electrochemical characteristics of carbon-based cobalt-nickel compounds. In the second
part of the work, carbon cloth was used as the substrate and obtained the cobalt-nickel
compound was uniformly deposited on the carbon cloth by electrochemical synthesis.
Likewise, different samples were calcined, sulfurized, and phosphorized to investigate

whether their electrochemical performance was improved.



CHAPTER Il

EXPERIMENTAL DETAILS

2.1. Materials

The chemicals obtained for the synthesis of the electrodes tested in this
experiment were used as such and supplied from the following companies: nickel foam
from MTI-KJ Group, Richmond California, glucose from Acros, New Jersey, USA, urea 98%
from Acros, New Jersey, USA. The purity of both Co(NO3)2:6H,0 and Ni(NO3),:6H.0 were
99% and from Strem Chemicals, Newburyport. Na;S nonahydrate from Acros Organics,
USA, and H,NaPO2-H,0 99% from Aldrich, Milwaukee, Wisconsin, USA.
2.2. Hydrothermal synthesis of cobalt-nickel compounds on nickel foam with a carbon
precursor layer

In this part of the work, a hydrothermal method was used for the synthesis of
cobalt-nickel compounds on substrates. Four samples were synthesized and were labeled
as CoaNi(OH)s@C, CozNiO1s@C, CoaNiSx@C, and CozNiPx@C for the hydroxide, calcined,
sulfurized, and phosphorized samples, respectively.

The first step was the synthesis and modification of the substrate. The carbon

precursor was formed on the Ni-foam through a hydrothermal method. 3 mmol of glucose
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was dissolved in 20 mL of distilled water for each 40 mL reactor. The reactor was sealed
with Teflon tape before the reactors were placed in an oven. The reaction took 12 hours
at 180 °C. This process was completed for four pieces of Ni-foam. The obtained carbon-
encapsulated nickel foams were rinsed with distilled water and placed under sonication
in isopropanol for approximately one minute to remove any loose particles. Then the
samples were calcined at 500 °C for 2 hours (the temperature was brought up by 5 °C/min)
under an inert N, atmosphere.

Afterward, the samples underwent the addition of the transition metal hydroxide
through another hydrothermal method. The following compounds and amounts were
added to a beaker, 20 mL of distilled water, 2 mmol of Co(NOs3);:6H,0, 1 mmol of
Ni(NO3)2:6H20, and 0.06 g of urea and dissolved. The substrate synthesized in the
previous step and prepared solution were transferred to the reactor, after which they
were sealed and placed in a thermostatic oven for 12 hours at 140 °C. Afterward, the
samples were rinsed with isopropanol and dried. The four foam pieces were treated
differently. One CoNi(OH)s@C piece remained unmodified, another was calcined at
350 °C for two hours, the third sulfurized, and the final phosphorized.

The sulfurization of the third sample was achieved via a solvothermal method
through the addition of Na;S. One of the Co2Ni(OH)s@C samples was placed in the bottom
of the reactor with an additional 700 mg of NaS and 20 mL of distilled water. After the
vessel was sealed it was placed in the autoclave oven for 24 hours at 140°C. The sample

was then rinsed with isopropanol and dried.

11



One of the Co;Ni(OH)s@C samples was phosphorized in a tube furnace under an
inert argon atmosphere for 2 hours at 320°C. The electrode sample was placed in an open
quartz vessel and the HNaPO,-H,O was placed in a second vessel. The vessels were
placed inside the oven in the middle of the length of the flow tube with the phosphorus
material closest to the flow source and the electrode sample vessel approximately 1 cm
from the end of the first vessel. Enough H2NaPO,-H,0 was added to the first vessel to
achieve a 10:1 ratio with the deposited mass of CozNiO on the electrode, which required
the use of 333.5 mg of H,NaPO,-H;0.

2.3. Electrochemical synthesis of cobalt-nickel compounds on carbon cloth

In electrochemical synthesis, a three-electrode system was used to synthesize
cobalt-nickel compounds. First, the following compounds and amounts were added to a
beaker to make an electrolyte, 20 mL of distilled water, 2 mmol of Co(NO3z),-6H,0, 1 mmol
of Ni(NOs3),:6H,0, and 0.06 g of urea and dissolved. A cleaned carbon cloth was used as
the working electrode. Ag/AgCl and a platinum sheet served as reference electrode and
counter electrode. Chronopotentiometry testing was done at -1 V for 20 minutes. A
VersaSTAT 4-500 electrochemical workstation (Princeton Applied Research, Oak Ridge,
TN, USA) was used to do the electrodeposition. The obtained carbon cloth with the
uniformly grown cobalt-nickel compound was rinsed with DI water before being placed in

an oven at 70 °C for 12 hours to dry.
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The dried cobalt-nickel-carbon cloth compound was calcined, sulfurized, and
phosphorized, consistent in operation with the modifications done to the hydrothermal

samples obtained in the previous step.
2.4. Material characterization

2.4.1. Scanning electron microscope

Scanning electron microscopy (SEM) can intuitively provide the microscopic
morphology of synthetic materials, which can help to compare the structure of materials
synthesized by different methods. In addition, SEM images can be used in the
interpretation of the specific properties of the material. For example, for electric double
layer capacitors, the microscopic morphology of the energy storage material has a direct
impact on its electrochemical performance; the more abundant the pore structure, the
higher the specific capacitance. In addition, SEM results can be used to reinforce the result
of another testing method. For example, the SEM results can corroborate the BET results
to explain the high specific surface area and abundant pore structure of the material.
Quanta 200 SEM (FEl, Hillsboro, Oregon, USA) was used to obtain the SEM image of all
synthetic materials.
2.4.2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is one of the most important technical
means for qualitative and quantitative analysis of synthetic materials. First, by obtaining
the elements in the composite material through the XPS test, it can be confirmed whether
the target elements are present in the composite material. More importantly, the precise
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measurement of the chemical shifts of the electron binding energy of the inner shell by
XPS, can provide information on the chemical bonds used to confirm the structure of the
compound.

The chemical composition of the synthesized samples was determined via XPS
analysis. A ThermoFisher Scientific Instruments analyzer (East Grinstead, UK) was used to

perform the X-ray photoelectron spectroscopy.

2.5. Electrochemical testing

To reveal the electrochemical performance of all synthesized materials for energy
storage in supercapacitors and catalysts for water electrolysis, a VersaSTAT 4-500
electrochemical workstation (Princeton Applied Research, Oak Ridge, TN, USA) was
used. The three-electrode testing system was used to evaluate all electrochemical
performance. For both the energy storage and catalytic performance tests, the
synthesized sample was used as the working electrode, and the platinum wire was used
as the counter electrode. The test differ in electrolyte and reference electrode. For the
energy storage test, 3 M KOH solution and Hg/HgO served as the electrolyte and
reference electrode, respectively. For the electrocatalytic tests, 1 M KOH solution and

Saturated Calomel Electrode served as electrolyte and reference electrode, respectively.
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2.5.1. Cyclic voltammetry

Cyclic voltammetry (CV) is a commonly used method to reveal the electrochemical
properties of materials. The potential-current curve is recorded by scanning through a
range of voltages and measuring the current. The potential-current curve recorded by
cyclic voltammetry can determine whether the material has redox characteristics. There
are two typical characteristic curves of CV: the first one is quasi-rectangular, usually, the
CV curve of carbon materials without redox characteristics is quasi-rectangular, which is
also the typical characteristic CV curve of electric double layer capacitor materials. The
second is the duck shape, usually the CV characteristic curve exhibited by
pseudocapacitive materials. Furthermore, the same material is subjected to different
scan rates to study its reversibility. Usually, at different scan rates, the peak potential of
the material is fixed, but the reversibility of the material is stronger, which is also the key

to achieving high charge-discharge efficiency of supercapacitors.

2.5.2. Galvanostatic charge-discharge
As one of the most important parameters to measure the performance of
supercapacitors, specific capacitance can usually be obtained from the test results of
cyclic voltammetry or the Galvanostatic charge-discharge (GCD) method. In this project,
we choose the Galvanostatic charge-discharge test results to calculate the specific
capacitance of the composite materials through Equation 1.
ixAt

Csp= W .................................................................................................................................. (1)
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Where: Csp is specific capacitance (mF/cm?), i is discharge current density (mA/cm?), At
is discharge time (s), and AV is the potential window for discharge.

In addition, to study the rate performance of the material, different charge-
discharge current densities from 30 mA/cm? to 0.5 mA/cm? were used to obtain the
charge-discharge test data of the material. The corresponding specific capacitance was
calculated through Equation 1. Generally, the material has a good rate performance when
the material has a close specific capacitance under high or low charge-discharge current
density. Good rate performance is the key to achieving high charge and discharge
efficiency of the material.

Energy density is one of the important parameters that determines the use of

supercapacitors, which can be calculated from the test data of charge and discharge.

E = Cop X(AV)Z/T200 oo eeeeeessseeeeeeenessseessessseeses e sessessesssessesesses s sesses e sassessessssssssees (2)

Where: E is energy density (Wh/cm?), Cs, is specific capacitance (F/cm?), and AV is
the potential window for discharge.
2.5.3. Electrochemical impedance spectra

Electrochemical impedance spectroscopy (EIS) is a method of measuring the
impedance of the working electrode in a three-electrode system. The AC impedance
method studies the electrode system by means of the impedance spectrum over a wide
frequency range. The electrode conductivity is obtained by measuring the semicircle
diameter of the fitted impedance spectrum of the electrochemical impedance. The

smaller the resistance, the better the electrode conductivity. The better the conductivity
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of the electrode, the faster the electron transfer, and the better the electrochemical
performance of the material.
2.5.4. Cycle performance test

The electrochemical stability of supercapacitors was obtained by 5000 cycles
charge-discharge test. The stability of the material used for supercapacitor energy storage
is determined by the change of specific capacitance with the increase of charging-
discharging number of times. The slower the specific capacitance decays, the better
electrochemical stability. In addition, the Coulombic efficiency of the material, the
percentage of discharge specific capacity and charge specific capacity, can also be
obtained by 5000 charge-discharge cycles.

2.5.5. Linear sweep voltammetry (LSV)

Overpotential is one of the most important indicators to measure the activity of
water electrolysis catalysts. In this work, overpotential refers to the difference between
the actual voltage and the theoretical voltage required during the catalytic reaction when
the catalytic reaction reaches a specific current density. Usually, the overpotential can be
determined by linear sweep voltammetry (LSV). In addition, the LSV polarization curve
can intuitively reflect the change of current density with applied voltage. Generally, in
order to increase the current density, it is necessary to increase the applied voltage. The
smaller increases in overpotential resulting in larger increases in current density is
desired. Here the Tafel slope is defined, as the rate at which the current increases

concerning for to the overpotential. The Tafel slope is not only an important parameter
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to reveal the catalytic reaction mechanism, but also an important criterion to measure
the quality of the catalyst. In addition, the electrochemical stability of the catalyst
material can also be determined by comparing the multiple LSV test. If the polarization
curve obtained after thousands of LSV scans does not have a large displacement or even
basically coincides with the initial polarization curve, it can be determined that the
material has good electrochemical stability.
2.2.6 Chronoamperometry

Chronoamperometry or chronopotentiometry can be used to assess catalyst
stability. Chronoamperometry records the change of current through the electrode over
time by applying a specific constant voltage to the system. The smaller the current decay,
the better the electrocatalytic stability. Chronopotentiometry is similar, except the

current is held constant, and the potential measured.
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CHAPTER IlI

RESULTS AND DISCUSSIONS

3.1. Structure and morphology characterization
3.1.1. X-ray photoelectron spectroscopy

To confirm the composition of synthesized materials, X-ray photoelectron
spectroscopy (XPS) was performed to demonstrate the existence of Ni, Co, S, and P
elements. Figures 3.1.-3.8. show the XPS spectra of materials synthesized by
hydrothermal and electrochemical methods. The peaks at 793.7 and 852.6 eV are
characteristic of metallic cobalt and nickel, respectively, and are present in the XPS of all
synthesized samples; which confirms that all synthetic compounds contain cobalt and
nickel. In addition, the carbon layer or carbon cloth as the substrate also showed
corresponding carbon peaks in the XPS spectrum. For both sulfurized materials,
CozNiSx@C (Figure 3.3) and Co2NiSx (Figure 3.7), the S 2p peak was detected at 164.0 eV,
underscoring the successful synthesis of transition metal sulfides. Co;NiPx@C and
CozNiPx are two phosphorized samples, and their XPS spectra are shown in Figure. 3.4 and
Figure. 3.8, respectively. The P 2p peak is located at 131.4 eV, which is typical transition

metal phosphides [49][50].
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3.1.2. Scanning Electron Microscope images

The scanning electron microscopy image of all synthetic materials are shown in
Figures 3.9-3.16. Figure 3.9 reveals the microscopic morphology of Co2Ni(OH)s@C
synthesized by the hydrothermal method, which shows Sea urchin-like particles with
clearly visible cores with particle sizes of 4-6 um. The morphology of Co;NiO2@C obtained
after further high-temperature calcination of Co2Ni(OH)s@C has changed greatly into a
network shape, which is shown in figure. 3.10. The morphology of the Co;NiSx@C has also
undergone great changes, and the surface is uneven and cracked (Figure 3.11). Figure
3.12 shows the CozNiPx@C obtained by phosphorizing, which shows a vertical scale-like
structure. The electrochemically synthesized Co;Ni(OH)s (Figure. 3.13) is significantly
different from the hydrothermally synthesized Co;Ni(OH)s@C (Figure. 3.9), showing fine
vertical scale-like with some uneven particles. Co;NiO4 obtained by high-temperature
calcination (Figure. 3.14) showed a scaly surface and some cracks. The Co;NiSx (Figure.
3.15) obtained by sulfurization showed a microscopic morphology similar to dry moss.
Figure. 3.16 reveals the microstructure of Co2NiPx obtained by electrochemical method.
It has a very similar microscopic morphology to Co;NiPx@C obtained by hydrothermal
synthesis, with a vertical scale-like shape. It is worth noting that there are some cracks on

the surface of the materials synthesized by the electrochemical synthesis method.
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Figure 3.10. SEM image of Co,NiOs@C.
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Figure 3.12. SEM image of Co2NiPx@C.
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Figure 3.14. SEM image of Co2NiOa.
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Figure 3.16. SEM image of CozNiPx.
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3.2 Electrochemical characterization

In this part of the work, we investigate the electrochemical properties of all
samples through a three-electrode test system.
3.2.1 Electrochemical characterization of Co-Ni compounds supported on activated
carbon
3.2.1.1. Hydrogen evolution reaction testing

The linear sweep voltammetry and cyclic voltammetry (LSV-CV) test was placed in
1M KOH electrolyte to investigate the HER activity of all synthesized samples with a scan
rate of 2 mV/s. All synthesized samples, CozNi(OH)s@C, Co;NiOs@C, Co2NiSx@C, and
Co:NiPx@C were tested under the same conditions and plotted in Figure 3.17.
CozNi(OH)s@C exhibited an overpotential of 198 mV to reach a current density of 10
mA/cm?. To its detriment, the overpotential of the calcined material increased to 218 mV,
mainly because the high-temperature treatment greatly destroys carbon support layer.
The overpotential of the sulfurized sample, Co2NiSx@C, was reduced to 153 mV at 10
mA/cm?. Most notably, Co;NiPx@C showed an extremely low overpotential, which is 48
mV at 10 mA/cm?. The Tafel slope describes the rate of increase in current density as the
voltage increases, and a smaller Tafel slope means smaller kinetic barriers and faster
reaction rates. A lower overpotential means a smaller voltage load to realize the water
electrolysis reaction, and a lower Tafel slope means a faster electrolysis water reaction
rate. Low overpotentials and low Tafel slopes are hallmarks of excellent water electrolysis

catalysts, emphasizing low energy consumption for water electrolysis catalysis.
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CozNi(OH)s@C, CozNiO1@C, CoaNiSx@C, and CozaNiPx@C showed 131, 128, 154, and 68
mV/dec respectively (Figure 3.18). The HER catalytic activity of Co,NiPx@C is comparable
to platinum-based materials, because Co2NiPx@C not only has a low overpotential, but
also has fast reaction kinetics.

Electrochemical stability is an important criterion for the quality of electrocatalyst
materials in addition to overpotential, Tafel slope, and internal resistance. Good
electrochemical stability is the key to ensuring the commercial viability. In the HER test,
to study the electrochemical stability of the material, 1000 cycles of LSV were tested, and
the initial LSV polarization curve and the 1000 cycle LSV polarization curve were compared
to obtain the electrochemical stability of the material. Figure 3.20 shows that after the
CoxNiPx@C has undergone 1000 LSV cycles, the electrochemical performance of the
material has slightly degraded since the polarization curve of the 1000th does not overlap

with the initial.
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CozNiPx@C showed excellent HER performance. This result is not only superior to
similar work, but also comparable to precious metal-based materials (Table 1).

Table 1. Summary of HER overpotentials of cobalt-nickel metal compounds

Similar work Electrolyte Overpotential | Tafel slope References
NiCo204@C@NF | 1 M KOH 42 mV 65 mV/dec [47]
CoNiP@LDH 1 M KOH 83 mV 80 mV/dec [50]
CoNiP/CC 1 M KOH 62 mV 88.3 mV/dec [51]
Ni-Co-S-P 1M KOH 78 mV 89 mV/dec [52]
NiCoMo 0.1 M KOH 132 mV 108 mV/dec [53]
NiCoP/CoP 1M KOH 73 mV 91.3 mV/dec [54]
Co/Co304 1M KOH 90 mV 44 mV/dec [55]
Co/CoOx 1M KOH 61 mV 78 mV/dec [56]
NV-Ni/CP 1 M KOH 95 mV 140 mV/dec [57]
Cu@Ni 1 M KOH 140 mV 79 mV/dec [58]
B-Ni2P207/Pt 1 M KOH 28 mV 32 mV/dec [59]
Pt/C 1 M KOH 38 mV 31 mV/dec [2]
CoxNiPx@C 1 M KOH 48 mV 68 mV/dec This work

3.2.1.2. Oxygen evolution reaction testing

The OER characteristics of these materials were also studied. OER involves a
complex electron transfer process with slow reaction kinetics and therefore high
overpotential, which is a key factor that limits the efficiency of water electrolysis. The LSV-
CV test results show that the overpotential of CozNi(OH)s@C is 348 mV to achieve a
current density of 10 mA/cm? (Figure 3.23). The overpotential of the Co;NiOs@C obtained
after calcination has risen to 403 mV when the current density is 10 mA/cm?2. Compared
to Co2Ni(OH)s@C, the overpotential of the sulfurized and phosphorized materials are
reduced to 341 mV and 332 mV respectively. As an indicator of reaction kinetics, the Tafel

slopes of CozNi(OH)s@C, CozNiOs@C, Co2NiSx@C, and Co;NiPx@C were calculated by the
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Tafel slope formula, which figured out to be 95, 63, 76, and 73 mV/dec, respectively
(Figure 3.24).

To understand the electrochemical performance of these synthesized samples as
OER catalysts, the comparison table of OER test results with those of precious metal-
based OER catalysts and other similar works is as follows:

Table 2. Summary of OER overpotentials of cobalt-nickel metal compounds

Similar work Electrolyte Overpotential | Tafel slope References
NiCo20:@C@NF 1 M KOH 242 mV 86 mV/dec [47]
CoNiP@LDH-100 | 1 M KOH 216 mV 45 mV/dec [50]
CoNiP/CC 1 M KOH 242 mV 109.8 mV/dec [51]
Ni-Co-S-P 1 M KOH 280 mV 69 mV/dec [52]
N,S-Co@C 1 M KOH 410 mV 101 mV/dec [60]
Co;NiOx 1 M KOH 330 mV 54 mV/dec [61]
Ru-CoNi@NC-2 1 M KOH 240 mV 75 mV/dec [62]
IrO; 1 M KOH 377 mV 171 mV/dec [2]
CoaNiPx@C 1 M KOH 341 mV 73 mV/dec This work
CoaNiSx@C 1M KOH 332 mV 76 mV/dec This work

The electrochemical stability of the material is obtained in two different ways.

Figure 3.28 reveals that, after 1000 LSV cycles, the electrochemical performance of the

CooNiPx@C deteriorated slightly. The chronoamperometry and the polarization curve

comparison method showed very similar results. Figure 3.32 shows that Co,NiPx@C still

retained 70% of the current density after undergoing the 24 hour chronoamperometric
testing.

Electrode conductivity is measured by the semicircle diameter of the fitted

impedance spectrum of the electrochemical impedance. The smaller the resistance, the

35



better the electrode conductivity. The electrocatalytic activity of the material depends on
the electrical conductivity of the material, the better the electrode conductivity, the faster
the electron transfer, and the better the OER electrocatalytic performance. Figures 3.33-
3.36 show the AC impedance spectra of Co:Ni(OH)s@C, Co,NiOs@C, Co2NiSx@C, and
CoaNiPx@C at different voltages, respectively.

To compare the resistance and conductivity of these synthesized samples, the AC
impedance spectra measured at 0.6 V for all samples were plotted in Figure 3.37,

respectively. Both CooNiSx@C, and Coz:NiPx@C exhibit low internal resistance.
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Figure 3.23. LSV-CV curves of Co2Ni(OH)s@C, Co2NiO2@C, CozNiSx@C, and Co,NiPx@C
for OER.
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3.2.1.3. Energy storage characteristic

Cobalt-nickel compounds are commonly used as energy storage materials for
pseudocapacitors, and the energy storage properties of the synthesized materials have
also been studied. First, all the materials were tested by cyclic voltammetry at different
scan rates, from 300 mV/s to 2 mV/s in a 3M KOH solution, which are shown in figures
3.38-3.41. It can be seen that CozNi(OH)s@C, Co2NiOs@C, CozNiSx@C, and CoaNiPx@C all
exhibit typical pseudocapacitance characteristics due to the obvious redox peaks in their
CV curves. When the scan rate was 300 mV/s, the current density flowing through
CoaNiPx@C is much higher than other materials (Figure 3.42), which indicates that more
energy can be stored by Co;NiPx@C than by the oxide or sulfide cobalt nickel compounds.
Figure 3.43 shows the specific capacitance of various materials at different scan rates,
that Co:NiPx@C exhibits the best capacitance characteristics of other synthesized
materials, and its specific capacitance is as high as 16.7 F/cm? at a scan rate of 2mV/s.

Figures 3.44-3.47 show the discharge curves of Co:Ni(OH)s@C, Co2NiOs@C,
CooNiSx@C, and CoxNiPx@C at different discharge current densities, which can be
confirmed that these materials have typical pseudocapacitive properties due to the
reduction reaction in their discharge curves.

Figure 3.48 shows the specific capacitance of Co;Ni(OH)s@C, Co:NiOs@C,
CoaNiSx@C, and Co;NiPx@C at different discharge current densities. Compared with
CozNi(OH)s@C, the electrochemical performance of the material after sulfidation and

phosphorizing treatment has been improved. In particular, the specific capacitance of
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CozNiPx@C was as high as 13.8 F/cm? when the GCD current density is 0.5 mA/cm?. It is
worth mentioning that Co.NiPx@C exhibits better rate performance than other
synthesized materials, which is shown by the charge and discharge current density
increased by 60 times from 0.5 mA/cm? to 30 mA/cm?, the specific capacitance of the
material was still as high as 7.2 F/cm?. The Ragone plot (Figure 3.49) of the materials
shows that Co2NiPx@C not only has a high-power density, but its energy density can also
be as high as 6.4Wh/cm?.

The stability curve of CoaNiPx@C is shown in Figure 3.50, which emphasizes the
excellent electrochemical stability of the material. The specific capacitance retention rate
of the material is as high as 90% after 5000 charge-discharge cycles. The Coulomb
efficiency of a material refers to the ratio of the discharge capacity of the material to the
charge capacity during the same cycle, which is nearly 100% during the entire charge and

discharge process, emphasizing the high safety and stability of the material.
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Figure 3.50. Stability curves for CoaNiPx@C.

Table 3. Comparison study of different Co-Ni electrode materials.

Similar work Electrolyte | Specific capacitance | Current density | References
CoNi300/Cu120 1 M KOK 5743 mF/cm? 1 mA/cm? [63]
CoMoO4@CoNiO2 | 2 M KOK 5.31 F/cm? 5 mA/cm? [64]
(CoxNil1-x)sSs 1 M KOK 1.32 F/cm? 1 mA/cm? [65]
CoNizS4 3 M KOK 1722 F/g 1A/g [66]
CW@CoNiP-C 2 M KOK | 2630 mF/cm? 5 mA/cm? [67]
CoxNi1xP/CNF 2 M KOK 3514 F/g 5A/g [68]
NiCo-MOF 2 M KOK 1202.1 F/g 1A/g [69]
Co0.4Nio.s(OH)2 6 M KOK 1843 F/g 0.5A/g [70]
Co-Ni-0/3DG 6 M KOK 1586 F/g 1A/g [71]
NiCo204 6 M KOK 2747.8 F/g 1A/g [72]
Co:NiPx@C 1 M KOK 13.8 F/cm? 0.5 mA/cm? This work
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In summary, nickel foam coated with activated carbon material was used as a
precursor, and cobalt-nickel metallic nanomaterials were freely grown on its surface
through the hydrothermal method. Then, the materials were calcined, sulfide, and
phosphorized to explore the electrochemical performance of different cobalt-nickel
metallic compounds. Co;NiPx@C attached to nickel foam shows outstanding performance
in both HER and OER catalytic activity. For HER catalytic properties, Co2NiPx@C exhibits a
low overpotential of 48 mV at 10 mA/cm?. In addition, CoNiPx@C also exhibits good
electrochemical performance as an energy storage material for supercapacitors. The
specific capacitance was as high as 13.8 F/cm?at 0.5 mA/cm? and the specific capacitance
is still as high as 7.2 F/cm? at 30 mA/cm?. Co:NiPx@C exhibits multifunctional
electrochemical performance, outstanding OER catalytic activity, ultra-high specific
capacitance and good rate capability. However, the synthesis process of these materials
was complicated and lengthy. Therefore, in the second part of the work, our goal was to
simplify the synthesis steps and shorten the synthesis time of these materials as much as
possible on the premise of ensuring the original intention of the material design. In the
second part of the work, commercial carbon as substrate instead of the previously
synthesized carbon. The electrochemical synthesis method was used to replace the

hydrothermal method.
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3.2.2. Electrochemical characterization of Co-Ni compounds supported on carbon cloth
3.2.2.1. Hydrogen evolution reaction testing

The electrocatalytic and stability performances of the as-prepared materials were
evaluated by the LSV-CV test in 1M KOH solution with a scan rate of 2mV/s. Figure 3.51
shows the LSV-CV polarization curves of all materials supported by carbon cloth, showing
that CozNi(OH)s, Co2NiOa, CozNiSx, and Co2NiPx exhibit the overpotential of 373, 332, 366,
and 170 mV to reach a current density of 10 mA/cm?, respectively. The corresponding
Tafel slopes of these materials are shown in Figure 3.52, CozNi(OH)s, Co2NiO4, and Co2NiSx
exhibit high Tafel Slope of 320, 206, and 391 mV/dec, respectively. Co2NiPx has a lower
Tafel slope of 143 mV/dec in comparison, emphasizing that it is less kinetic barrier in the
HER reaction. The electrochemical stability of these synthesized cobalt-nickel compounds
on carbon cloth were obtained by comparing their initial LSV-CV polarization curves with
the 1000t cycle LSV-CV polarization curves. Figures 3.53-3.56 show the initial LSV-CV and
the 1000t LSV-CV curves of Co2Ni(OH)s, Co2NiO4, Co2NiSx, and CozNiPy, respectively. All
these materials exhibit relatively stable HER electrocatalytic stability since their initial
LSV-CV polarization curves and the 1000™" LSV-CV polarization curves overlap with each

other.
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3.2.2.2. Oxygen evolution reaction testing

The electrocatalytic properties of these materials were studied through a three-
electrode system as oxygen evolution catalysts. Linear sweep voltammetry and cyclic
voltammetry (LSV-CV) tests were performed to explore the overpotential and Tafel slope
of these materials under OER conditions. Figures 3.57 and 3.58 show the LSV-CV
polarization curves and Tafel slopes of Co:Ni(OH)s, CozNiOs, Co2NiSx, and CoaNiPy,
respectively. CozNi(OH)s, Co2NiO4, Co2NiSx, and Co2NiPx show overpotentials of 350, 370,
280, and 330 mV correspond to Tafel slopes of 64, 72, 77, and 60 mV/dec. The OER
electrochemical stability of these materials is shown by chronoamperometry and
polarization curve comparison, respectively in Figure. 3.59-3.66. From the comparison of
the initial LSV polarization curves of these materials with the LSV curves of the 1000
cycles, their electrochemical stability are good because their LSV-1 and LSV-1k coincide
with each other. Furthermore, chronopotentiometry was used to reveal the
electrochemical stability of these electrochemically synthesized materials under OER
conditions. The current densities flowing through CoNi(OH)s, Co2NiO4, Co2NiSx, and
Co2NiPx decrease to 68%, 55%, 62% and 59%, respectively after 24 hours. Electrochemical
Impedance Spectroscopy was also performed under OER conditions to study the electrical
conductivity of these materials. The results are shown in Figures 3.67-3.70, that the

phosphorized and sulfurized samples have small internal resistance.

58



< 1001 — C0,Ni(OH),
£ 804 —Co:NiO, 280 mV
L — CO,NiS,
<EE 604 ——coNip,  330mV
Z 40-
(79}
o 204 10ma/cm? 370mv
T e e e s e e e e o e =2 o =
: o
g _20 J 350 mV
@)
'40 T T T
1.4 1.5 1.6 1.7

Potential (V, RHE)
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Figure 3.58. Corresponding Tafel curves for Co2Ni(OH)s, Co2NiO4, CozNiSx, and Co2NiPx.
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Figure 3.60. LSV & LSV-1k OER stability test of CozNiOa.

60



Current density (mA/cm?)

Current density (mA/cm?)

1004 Co,Nis,

N A OO @©
o O o o o

-20

— Cycle-1
m— Cycle-1k

1.4

100

15

1.6

1.7

Potential (V, RHE)
Figure 3.61. LSV & LSV-1k OER stability test of Co,NiSx.

Co,NiP,

N B OO @
o O o o o

N
S

—_— Cycle-1
= Cycle-1k

1.4

15

1.6 1.7

Potential (V, RHE)
Figure 3.62. LSV & LSV-1k OER stability test of Co2NiPx.

61



[EEY
o

Co,Ni(OH),

oe]

IS

Current density (mA/cm?2)
A f A

2 T T T T T
00 40 8.0 120 16.0 20.0 24.0

Time (h)

Figure 3.63. Chronoamperometry curve for CoaNi(OH)s.

=
o

Co,NiO,

oo

Current density (mA/cm?2)

0 T T r r r
00 40 8.0 120 16.0 20.0 24.0

Time (h)

Figure 3.64. Chronoamperometry curve for Co;NiOa.
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3.2.2.3. Energy storage characteristic

Cobalt-nickel compounds supported by carbon cloth were also studied for energy
storage performance. First, these materials were tested by CV at different scan rates,
from 300 mV/sto 2 mV/s between 0-0.6 V. The CV curves of CozNi(OH)s, Co2NiO4, Co2NiSy,
and CoxNiPx are shown in Figures 3.71-3.74, emphasize the typical pseudocapacitive
properties and good electrochemical reversibility of these synthesized materials. To
obtain information on the specific capacitance, power density, and energy density of
these materials, GCD tests were performed. Figures 3.75-3.78 show the result curves of
GCD at different current densities, emphasizing the pseudocapacitive properties of these
materials. The specific capacitances of Co;Ni(OH)s, Co2NiOa4, Co2NiSx, and CozNiPx were
calculated and plotted in Figure 3.79 Co;NiPx exhibits excellent electrochemical
properties as an energy storage material for supercapacitors compared to Co2Ni(OH)s,
Co2NiO4, CozNiSx. Specifically reflected in: ultra-high specific capacitance, 9.8 F/cm? at 1
A/cm?. Good rate performance, when the charge and discharge current density is
increased thirty times from 1 A/cm? to 30 A/cm?, the specific capacitance retention is as
high as 86%. Figure 3.80 shows the Ragon diagrams of Co2Ni(OH)s, Co2NiO4, Co2NiSx, and
Co2NiPy, respectively. CoaNiPx exhibits a high energy density as high as 0.42 Wh/cm?.

The stability curve for CoaNiPx@C is shown in Figure 3.81, which demonstrates the
electrochemical stability of the material. The specific capacitance retention rate of the
material is 50% after 5000 charge-discharge cycles. The Coulombic efficiency of a material

refers to the ratio of the discharge capacity of the material to the charge capacity during
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the same cycle, which is nearly 100% during the entire charge and discharge process,

emphasizing the high safety and stability of the material.
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Figure 3.71. CV curves of Co,Ni(OH)s at different scan rates.
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Figure 3.73. CV curves of Co,NiSx at different scan rates.

68



240+

300 mV/s

=
o O
o O

o o
S O

Current density (mA/cm?)
N e

D

< S

00 01 02 03 0.4 05 0.6
Potential (V, Hg/HgO)

Figure 3.74. CV curves of CozNiPx at different scan rates.

30 mA/cm%—p=1 mA/cm?

o O
& o

Potential (V, Hg/HgO)
o
N

o
o

0 30 60 90 120 150 180
Time (s)

Figure 3.75. Potential versus time at different current density for Co2Ni(OH)s.
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Figure 3.77. Potential versus time at different current density for Co2NiSx.
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CHAPTER IV

CONCLUSION

In conclusion, several different cobalt-nickel compounds have been successfully
synthesized on nickel foam and carbon cloth by hydrothermal and electrodeposition
synthesis methods, respectively. Scanning electron microscopy was used to reveal the
microstructure of these materials. X-ray photoelectron spectroscopy was used to
determine the composition and valence state of the synthesized compounds. The scale-
like cobalt nickel phosphide (Co2NiPx@C) synthesized by the hydrothermal method
exhibits excellent HER electrocatalytic activity with a very low overpotential of 48 mV at
10 mA/cm?. In addition, Co2NiPx@C also has excellent pseudocapacitive energy storage
performance, its specific capacitance is as high as 13.8 F/cm? at 0.5 mA/cm?, up to 90%
capacitance retention rate after 5000 charge-discharge cycles, and excellent rate
performance. To simplify the synthesis process of Co;NiPx@C, CozNiPx synthesized by
electrode method on carbon cloth also has remarkable electrochemical properties.
Co2NiPx shows ultra-high specific capacitance, 9.8 F/cm? at 1 A/cm?. It is worth noting that
the electrodes based on carbon cloth are flexible and have great value in the research and

application of flexible electrodes.
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