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Figure 3.6: EDX spectrum of CogSg sample.

Figure 3.7: EDX spectrum of CozS4 sample.
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3.1.3: X-ray photoelectron spectroscopy:

X-ray photoelectron spectroscopy was utilized to investigate electronic and
chemical composition of cobalt sulfides as-synthesized at low and high resolution
spectrum. Figure 3.8 and Figure 3.9 display survey scan spectrum of CosSg and C03S4. The
presence of Co, S, elements in nanostructure of CogSg and Co3S4 can be clearly seen, while
the strong peak of C 1s and O 1s is seen at 284.6 eV and 532. eV respectively could be
from ambient environment. At high resolution, there are two peaks at 796.7 eV and 781.4
eV corresponding to Co 2py and Co 2ps2 atomic orbitals (Figure 3.10 and Figure 3.11).
These two peaks appearing in both CogS4 and CosS4 confirming the presence of Co?* and
C0%*.35% The S 2p peaks at 161.6 eV and 163.7 eV match well with S 2ps;2 and S 2pa, of
SZas displayed in Figures 3.14 and 3.15.% Figure 3.12 and Figure 3.13 show a small
amount of oxygen in both CoeSs and CosSs with the peak located at 531.9, which
corresponding to O 1s orbital.® According to the quantitative analysis of XPS, the atomic
ratio of Co/S in CogSg and C03S4 is determined to be 1.38 and 0.68 respectively, which
is quite close to theoretical reports. Therefore, excellent electrochemical properties are

expected.

19



C0958 O1s

Co 2p

Cls
S2p

Intensity (a.u.)

0 200 400 600 800 1000 1200
Binding Energy (eV)

Figure 3.8: XPS survey scan spectrum of CogSs.
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Figure 3.9: XPS survey scan spectrum of Co3Sa.
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Figure 3.10: XPS spectra of Co 2p for CogSs.
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Figure 3.11: XPS spectra of Co 2p for Co3Sa.
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Figure 3.12: XPS spectra of O 1s for C0ogSs.
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Figure 3.13: XPS spectra of O 1s for C0sS..
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Figure 3.14: XPS spectra of S 2p for CogSs.
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Figure 3.15: XPS spectra of S 2p for CozSa.
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3.2 Electrochemical measurements for supercapacitors:

Electrochemical properties and potential application for supercapacitors were
investigated in a three-electrode system with 3M as an electrolyte. The electrochemical
measurements were done through cyclic voltammetry, Galvanostatic charge-discharge
measurements and electrochemical impedance spectroscopy.

3.2.1 Cyclic voltammetry:

Electroanalyses of cyclic voltammetry were performed to scrutinize the
electrochemical behavior of the samples synthesized. Figures 3.16-3.20, show the CV
curves of the samples synthesized at different scan rates (10 mV- 300 mV). It can be clearly
seen although at high scan rates, the CV curves are symmetrical indicating a great
outstanding stability of materials synthesized .3%° Furthermore, the CV curves were
distinct with a pair of redox peaks. The cathodic peaks shift toward negative potential and
the anodic peaks shift toward positive potential confirming quasi-reversible faradic
reaction.

All faradic reactions of the synthesized materials in 3M KOH are shown
below55'56'57'58:

CO(OH)+OH™ = CoOOH + H0 + ¢ ...... (4)

CoOOH + OH™ = C00, + H,O + e
C0304 + H20 + OH™ = 3CoOOH +e¢...... (5)

C09Sg + 90H" = Co9Ss(OH)9+ e ...... (6)

Co03S4 + OH = 4C03S40H + ¢
C03S4OH + OH™ =4C03S:0 + HO +e ....... (7)

Also, there is a large area to the current and voltage plot, indicating high charge
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storage due to the high surface area of the electrode prepared.*®*! Specifically, more
narrow peaks were observed in Figure 3.19, which can be attributed to faster redox
reaction.*

To verify the specific capacitance of the materials synthesized, cyclic voltammetry
was used to calculate the specific capacitance based on the following expression®!:
(Csp) = Q/(AV*A) .... (8)
Where Q is the area under the CV curve, AV is the potential window, and A is the area of
the synthesized sample used in the electrode.*? The distinction of the specific capacitance
as a function of scan rate for all the synthesized samples of cobalt-based materials is shown
in Figure 3.20. As shown in Figure 3.20, the specific capacitance has decreased with
increased scan rates for all synthesized samples. It is notable to mention that at high scan
rates, an electrolyte has sufficient time to diffuse only to the external surface of the active
electrode which causes decreased capacitance. In contrast, at low scan rates the electrolyte
has enough time to diffuse efficiently into most surface area of the electrode. Hence, the
inner surface area has the highest contribution to the capacitance.****44° Table 3.1 shows
the specific capacitance of all synthesized cobalt-based materials at a scan rate of 2 mV/s
scan rate. A specific capacitance of 12,751 mF/cm? was obtained for Co3Sas. C03S4 shows

the highest specific capacitance in comparison to Co304, Co(OH). and CogSs.
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Figure 3.16: Cyclic voltammograms of Co(OH)2 sample at various scan rates.
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Figure 3.17: Cyclic voltammograms of Co3O4 sample at various scan rates.
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Figure 3.18: Cyclic voltammograms of CogSg sample at various scan rates.
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Figure 3.19: Cyclic voltammograms of C0sS4 sample at various scan rates.
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Figure 3.20: Variation of specific capacitance as a function of scan rates for all
synthesized samples of cobalt-based materials in 3M KOH electrolyte.

Table 3.1: Specific capacitance of all the synthesized materials at 2 mV/s.

Sample code Specific capacitance (mF/cm?)
Co(OH), 1093
C0304 335
Co09Ss 6172
C03S4 12751
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3.2.2 Galvanostatic charge-discharge:

To further investigate electrochemical properties for cobalt-based materials,
Galvanostatic charge- discharge measurement was performed at different current densities
in potential range (0-0.6 V). The charge-discharge mechanism of the cobalt-based materials
electrodes are shown in Figures 3.21- 3.24. As illustrated in these figures, all samples
showed highly symmetric nonlinear charge-discharge, recording the superior redox
reaction reversibility and confirming the pseudo-capacitive characteristics of the
electrodes. These pseudo-capacitive characteristics resulted because of charge-transfer
reaction and the electrochemical adsorption-desorption process.®#¢ In addition, it was
observed that the discharge time decreased with increasing current density, which could be
due to the lack of electrolyte mobility to execute redox reaction at the electrode-electrolyte
interface. Moreover, it was observed that the discharge time increased with an increase in
the ratio of sulfide in the synthesized CoeSg and C03S4, thus enhancing the charge storage
capacity. Galvanostatic charge-discharge measurements were used to calculate the specific
capacitance of synthesized electrodes based on the following equation®’:

Csp= (I/cm? x At)/ AV....(9)

Where Csp is the specific capacitance in (mF/cm?), I/cm? is the current density
(mA/cm?), A t is the discharge time (s), and AV is the potential window (V). Figure 3.25
shows the variations in the specific capacitance versus the current densities. As
documented, CosSs has the highest specific capacitance of 8,508 mF/cm? among
synthesized electrodes, whereas the specific capacitance of CogSgs, Co(OH). and C0304

were 2470 mF/cm?, 334 mF/cm? and 103 mF/cm? respectively as shown in Table 3.2.
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Table 3.2: Specific capacitance of all the synthesized materials.

Sample code Specific capacitance (mF/cm?)
Co(OH): 103
Co304 334
Co9Ss 2470
Co3S4 8508
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Figure 3.21: Galvanostatic charge-discharge curves of Co(OH): at various current
densities in 3M KOH.
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Figure 3.22: Galvanostatic charge-discharge curves of Coz04 at various current densities
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Figure 3.23: Galvanostatic charge-discharge curves of CogsSg at various current densities
in 3M KOH.
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Figure 3.24: Galvanostatic charge-discharge curves of CozSsat various current densities

in 3M KOH.
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Figure 3.25: The variation of specific capacitance versus current densities for all
synthesized samples in 3M KOH.
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3.2.3 Electrochemical stability of synthesized electrode:

According to the above discussion, CosS4 showed the highest specific capacitance,
therefore the electrochemical cycle stability test and coulombic efficiency were further
investigated for this electrode. The cyclic Galvanostatic charge-discharge approach was
followed to study the capacitance retention versus the number of charge-discharge cycles
as shown in Figure 3.26. The electrode possesses a life cycle stability of 120% retention of
its initial capacitance over 5,000 cycles. The coulombic efficiency was also measured with
a stable high value of 99%. Long-term life cycle and high coulombic efficiency are

attributed to significant adequacy of CosS4 as-prepared electrode.
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Figure 3.26: Cycling performance and coulombic efficiency of CozSa.
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3.3 Water splitting measurement
3.3.1 Oxygen evolution reaction:

Linear sweep voltammetry and electrochemical impedance spectroscopy were
performed using three electrode system in 1M KOH alkaline media, to investigate the
electrocatalytic property of synthesized materials for oxygen evolution reaction. As
presented in the polarization curves in Figure 3.27, CosSs resulted in an overpotential of
126 mV to achieve OER at 10 mA/cm?, surpassing those of C0304 (384 mV), Co(OH)2
(336 mV), and CogSsg (251 mV) as shown in Table 3.3, pointing out excellent performance
of Co3S4 for OER activity. However, the obtained electrode of CosSs was observed to
have high current densities. Tafel slope was investigated for all synthesized electrodes to
study the kinetic transfer of the electrons through OER mechanism. Tafel slope was
calculated based on the equation®:
n=blogj+c...... (10)

Where j is the current density, b is the slope, 1) is the overpotential, and c is a
constant. The value of Tafel slope (b) is highly controlled by the kinetics of OER, so that
lower Tafel slope indicates the faster kinetic of OER.*° As seen in Figure 3.28, C0o304
synthesized electrode showed the lowest Tafel slope of 51 mV/dec.

Moreover, electrochemical impedance spectroscopy was also performed to analyze
and evaluate the electrocatalytic activity of synthesized electrodes. Figure 3.29 illustrates
the impedance as a function of frequency at 0.50 V vs. Hg/Hg2Cl2. As seen in this figure,
CosSs has the lowest impedance, which shows high charge transport between the
electrolyte and the active electrode indicating faster electrochemical reaction. Further

evidence of charge transport
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resistance as determined by the Nyquist plot as shown in Figure 3.30. C0sS4 is capable of
charge transport among others samples as its charge resistance is the lowest one.>® Figures
3.31 and Figure 3.32 demonstrate the electrochemical impedance spectra for CosSs at
various potentials. It can be clearly seen in these figures that the total impedance decreases
with the increased potential. Cyclic voltammetry in non-faradic region was used to
determine the electrochemical active surface area in potential range of 0-0.6 V (vs. RHE),
where no faradic reaction was observed. As seen in Figure 3.37, CV curves were studied
at different scan rates to record the electrochemical double layer capacitance (Cal). The
slope value of C0sSs and CosSs were calculated to be 7.01x10* mC/cm?and 2.08x107
mC/cm?, respectively. This result indicates that CosSa has better effective surface area
than CogSg, which is directly proportional to the value of the electrochemical double layer
capacitance, so the highest electrochemical active surface areas produce highest
electrochemical property for both Cq and water analyses.*8

The long-term catalytic stability test for CozS4 electrode was investigated by using
linear sweep voltammetry, electrochemical impedance spectroscopy and
chronoamperometry as presented in Figures 3.33-3.34. The LSV polarization curve of
Co03S4 electrode remained stable and showed outstanding performance up to 1,000™" cycle.
LSV test confirmed that the CosS4 revealed remarkable stability without any decay as an
electroctalyst for OER.

The impedance as a function of frequency and the Nyquist plot for the electrode
before and after the stability test at a potential of 0.5 V are tested in Figure 3.35 and Figure
3.36. The impedance stayed stable up to 1,000 cycles. Additionally, chronoamperometric

measurement was done for further stability investigation of CozS4 electrodes as shown in
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