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ABSTRACT: The present work investigates the electrocatalysis of rany

oxygen evolution (OE) on a glassy carbon electrode modified with e ‘"

nickel oxide nanoparticles (NPs) (nano-Ni) in an alkaline solution.

The nano-Ni is electrodeposited from an acidic sulfate electrolyte
containing various additives, such as glucose, glycerol, and dimethyl : GC electrode Characterized with

in the pnscnu
of

Nano-Ni modified

glyoxime. The NPs are characterized morphologically and electro- o Gly“ml mymierg/lml SLEmmacy
chemically using scanning electron microscopy and cyclic voltammetry. “

The elemental composition and electronic state of the modified . : /
electrodes were analyzed using X-ray photoelectron spectroscopy. A E

:

2 /

* Ni(OH): < NiOOH +H" + ¢
u

considerable enhancement in electrocatalytic activity, depending on the /
additives used, is observed. The study also explores the effect of nickel ) // icom: o xioow- 10«
oxide loading to optimize the process. The highest cathodic shift in the

EIV (vs. RHE)
onset potential of the oxygen evolution reaction is achieved with nickel
oxide deposited in the presence of ethylene glycol.
1. INTRODUCTION aiming to achieve a specific microstructure of the deposited

nickel that is suitable for particular applications."*~**

This study investigates nickel deposition from a solution
containing nickel ions and hydroxyl compounds, focusing on

Water splitting is crucial for alternative energy sources,
including fuel cells. Its efficiency is influenced by the kinetics

and thermodynamics of the hydrogen evolution reaction ) o ) o
(HER) and the oxygen evolution (OE) reaction (OER). The its application in OE. To modify the surface characteristics,

OER, requiring an applied voltage exceeding 1.23 V vs RHE, is structure, and morphology of nickel deposits, small amour;gs_ gﬁf
a ratelimiting step due to its complex mechanism and organic additives are introduced to the plating baths.

associated free energy.”* The increased overvoltage results These additives enhance the development of certain crystallite
from the intricate OER mechanism on the anode surface under facets and may be incorporated into the deposits. While the

practical conditions.” Therefore, developing a suitable anode role of additives in nickel deposition has been extensively

for OE must consider both thermodynamic and kinetic studied, their impact on OE has not been thoroughly
27-31 . . .
explored. This research examines the effects of specific

limitations.
Developing electrocatalysts for water oxidation is challeng- nonionic additives 'contammg hy@roxyl compounds on nickel
ing due to the complexities of the OER. The goal in OER deposition and their subsequent influence on OE, which for

electrocatalysis research is to create efficient, cost-effective the first time to be reported for OE, addressing a gap in

catalysts to replace expensive platinum-group oxides like RuO, undgs_t;ignding their impact on critical fuel cell reactions, i.e.,

and IrO,. Transition metals such as Fe, Mn, and Ni are OE. Unlike previous reports that address sophisticated
. ) ) . .

promising candidates due to their abundance and low cost.*™” methods, our work is simple and easy to be controlled. The

To achieve specific nickel deposits, the composition of

deposition solutions is controlled by adding certain additives. Received: May 17, 2024
These additives help reduce roughness, control particle size, Revised:  July 26, 2024
and achieve the desired microstructure in electrolytic nickel Accepted:  July 30, 2024
deposition, making the method suitable for particular Published: August 3, 2024

applications."”™" In electrolytic nickel deposition, additives
are also employed for the same reasons mentioned earlier,
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present modification reveal significant improvements in the
electrocatalytic activity and stability of NiO, thereby offering
new insights into optimizing OER catalysts beyond conven-
tional methods.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Solutions. All chemicals utilized in
this study were of analytical grade; reagent-grade sulfuric acid
(H,SO, 98%, density 1.84 g/mL), methanol (CH;OH,
99.9%), nickel(I) sulfate hexahydrate (NiSO,-6H,0, 99.9%),
glucose, ethylene glycol (EG), and glycerol were procured
from Sigma-Aldrich. Sodium hydroxide (NaOH, 99.8%) was
obtained from BDH. All chemicals were used as received
without further purification. Solutions were prepared using
bidistilled water and, when necessary, were bubbled with
nitrogen.

2.2, Instrumentation and Measurements. All electro-
chemical measurements were conducted using a Reference 600
potentiostat/galvanostat/ZRA. Voltammetric measurements
were performed in a conventional three-electrode cell with a
volume of approximately 20 mL. A platinum spiral wire served
as the counter electrode, and an Ag/AgCl (KCl sat.) electrode
was used as the reference electrode. The working electrode was
a 3 mm glassy carbon (GC) disc (SigradurR-G, Sigri
Electrographite GMBH, Germany) embedded in Teflon. All
measurements were carried out at room temperature. The
electrochemical behavior of the fabricated nickel nanoparticles
(NPs) was analyzed using cyclic voltammetry, chronoamper-
ometry, and Tafel analysis. Surface morphology was examined
with a JEOL JSM 5410 scanning electron microscope (SEM),
and X-ray photoelectron spectroscopy (XPS) measurements
were performed using an ESCALABTM QXi X-ray Photo-
electron Spectrometer Microprobe.

2.3. Pretreatment of Working Electrodes. The GC
electrode was meticulously polished with sandpaper, starting
with Grit 1500 and progressing to Grit 3000, until its surface
appeared visually smooth. It was then rinsed with deionized
water. Subsequently, the electrode was polished further using
alumina powder with a particle size of 0.06 pm. Finally, the
electrode underwent ultrasonic cleaning in pure deionized
water for 15 min to remove any physically adsorbed species.

2.4. Preparation of the Modified Electrode. Before
each experiment, a pretreatment step or a series of steps is
performed to ensure the reproducibility of the surface
introduced into the electrochemical cell. These steps may
vary from basic mechanical polishing to scanning across a
predefined potential range or exposure to a solvent or chemical
species to “activate” the electrode. Following the cleaning of
the GC electrode, as mentioned earlier, it is modified with
nano-NiO, as follows: nickel is electrodeposited from a
solution containing 0.02 M NiSO,6H,O at pH 4.5 by
applying a certain potential for various durations. This pH
value is chosen to mitigate the influence of the parasitic
HER.* This electrode is designated as (GC,,/nano-Ni). The
nickel is prepared in the presence of different concentration of
various hydroxyl compounds.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Modified GC/NiO,
Electrode. Figure 1 shows SEM images of the GC/NiO,
samples fabricated under different conditions: (A) in the
absence of additives, and in the presence of SO mM of (B)

Figure 1. SEM images of the GC/NiO, fabricated in (A) the absence,
presence of SO0 mM (B) glucose, (C) glycerol and (D) EG as
additives.

glucose, (C) glycerol, and (D) EG. The choice to coat nickel
NPs on GCE is well-founded. GCE was chosen as the substrate
due to its stability and conductivity, which support uniform
nickel NPs deposition. Its excellent electrical conductivity and
chemical inertness minimize interference with electrochemical
measurements. This makes GCE ideal for studying and
optimizing the electrocatalytic properties of Ni NPs. These
images depict the morphology and particle size distribution of
the nickel NPs on the GC surface. The particle density of the
nickel NPs is high when deposition is carried out in the
presence of additives, indicating uniform deposition. The
particle size is smallest in the presence of EG, with an average
size of approximately 55 nm, while the additive-free sample has
a spherical form with an average size of 100 nm.

Nickel deposition was performed using the chronoampero-
metric method, and the current—time relations (i—t) for the
electrodeposition of nickel on GC electrodes are shown in
Figure 2. Panel (a) represents deposition in the absence of
glucose (GC/Ni), while panel (b) shows deposition in the
presence of S0 mM glucose (GC/Ni-Glu), both at a constant
potential of —0.8 V for 10 s. The two curves exhibit similar
general features. The current rapidly increases to a peak before
slightly decreasing, characteristic of metal nucleation and
growth on the electrode surface. Initially, the electric double
layer’s charge causes a decrease in cathodic current. As nickel
ions diffuse to the cathode and gain electrons, the cathodic
current rises to a peak. Then, as the diffusion layer thickens,
the cathodic current decreases.’ ~** The charge consumed in
both cases was 16.3 and 17.2 mC, respectively. Assuming 100%
Coulombic efficiency, the corresponding loading of nickel was
estimated to be 63 and 67 ug cm™* for GC/Ni and GC/Ni-
Glu, respectively. The slightly higher deposition at GC/Ni-Glu
indicates a higher reaction rate at that electrode. In the
presence of EG, the charge consumed was 20.8 mC,
corresponding to a loading of nickel of 20.4 ug cm™. For
glycerol, the charge consumed was 11.4 mC, corresponding to
a loading of nickel of 44.1 ug cm™

Figure 3 shows cyclic voltammograms (CVs) for GC/Ni and
GC/Ni-Glu in a 0.5 M NaOH solution. For both anodic and
cathodic peaks, the peak current for the redox couple

https://doi.org/10.1021/acsomega.4c04700
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Figure 2. i—t curves obtained during nickel deposition at —0.8 V for 10 s. Glucose concentration: (a) 0.0 mM and (b) 50 mM.
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Figure 3. Cyclic voltammetry (CV) of nickel deposition in 0.5 M NaOH on a GC electrode: (a) without glucose and (b) with S0 mM glucose, at a
scan rate of 100 mV/s.
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Figure 4. CVs for the nickel redox couple in 0.5 M NaOH using a nickel NP-modified GC electrode: (a) without glucose, (b) after oxidation, (c)
with 10 mM glucose, (d) with 20 mM glucose, (e) with 30 mM glucose, and (f) with SO mM glucose. All measurements were performed at a scan

rate of 100 mV/s.

(Ni(OH), < NiOOH) follows the order: GC/Ni < GC/Ni- surface area of the NiO, NPs, consistent with SEM findings
Glu. This increase in peak current is attributed to the larger that show smaller nickel particles deposited in the presence of
34929 https://doi.org/10.1021/acsomega.4c04700
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Figure S. Effect of scan rate on the CV of GC/Ni-Glu, where nickel was deposited in the presence of 15 mM glucose, in 0.5 M NaOH. The scan

rates are indicated in mV.
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Figure 7. LSV for the OE reaction (OER) in 0.5 M NaOH using the GC electrode after nickel deposition: (a) without glucose, (b) after oxidation,

and with glucose concentrations of (c) 20 mM, (d) 30 mM, and (e) SO mM, all at a scan rate of 10 mV/s.

glucose compared to its absence. Additionally, the particle
density is higher for the GC/Ni-Glu electrode. The surface

34930

concentration of active nickel sites (I') is estimated using the
formula: I' = Q/(nF), where Q is the charge, n is the number of

https://doi.org/10.1021/acsomega.4c04700
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Figure 8. LSV for OE in 0.5 mM NaOH using (a) bare and (b—e) modified GC electrode. Ni deposition was conducted in the (b) absence and
presence of 30 mM of (c) glucose, (d) EG and (e) glycerol at a scan rate 10 mV/s.

Scheme 1. Illustrated Mechanism for OER Using Nano-Ni
Modified GCE in 0.5 M NaOH

0.5 M NaOH
NiOOH

12.6 nmol cm™* for GC/Ni and GC/Ni-Glu, respectively,
confirming the earlier conclusions.

The anodic and cathodic scans of nickel hydroxide
electrodes produce various phases, including f-Ni(OH),, a-
Ni(OH),, f-NiOOH, and y-NiOOH." The formation of y-
NiOOH is associated with the swelling of the nickel film,
which can cause microcracks and eventual disintegration.48
Therefore, f-NiOOH is considered a superior electroactive
material for high electrochemical performance in alkaline
solutions.”” The conversion of Ni(Il) to Ni(III) can proceed
via two mechanisms: one involving proton diffusion, which
typically forms S-NiOOH (eq 1), and the other involving
solvent-mediated hydroxyl ion diffusion, leading to the
formation of y-NiOOH (eq 2).°”*"

NiO
Ni(OH), <> NiOOH + H + + e~ (1)
Nano-Ni modified
GC electrode in ) ) ~
alkaline medium Ni(OH), + OH — < NiOOH + H,0 + e @)

electrons transferred, and F is the Faraday constant.***® The
charge (Q) is derived from the area under the CV curve at a
scan rate of S mV s™%. The I values were found to be 12.0 and

The charge (Q) calculated for nickel deposition from the
nickel bath, both with and without 50 mM glucose, was
determined by subtracting the charge consumed during the
HER. This was done by performing the same experiment
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Figure 9. Continuous potential cycling of the GC/Ni-EG electrode (modified with nickel deposited from a 30 mM EG bath) at 1, 400, and 900
cycles.

34931 https://doi.org/10.1021/acsomega.4c04700
ACS Omega 2024, 9, 34927—-34937


https://pubs.acs.org/doi/10.1021/acsomega.4c04700?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04700?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04700?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04700?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04700?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04700?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04700?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04700?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04700?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04700?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

J mA/cm?

AN

——EGrl LS
EG r200 LS
EG r400 LS
EG r900 LS

0 > 1

1.2 13 14 15
E/V (vs. RHE)

1.6 1.7
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Figure 11. Tafel plots for the GC/Ni electrode in 0.5 M NaOH, where nickel was prepared (a) in the absence of additives and in the presence of

(b) glycerol, (c) glucose, and (d) EG.

without the nickel ion source. The observed differences in peak
current (i.e., the enhancement of the Ni(II)/Ni(IIl) redox
couple) shown in Figure 3 are therefore attributed not to
variations in NiO, loading but to the distinct morphology and
electrocatalytic activity of the electrode.

Figure 4 shows the CVs for GC/Ni-Glu in a 0.5 M NaOH
solution with varying glucose concentrations. Nickel deposi-
tion was performed on both oxidized (curve b) and
nonoxidized GC electrodes (curve a) for comparison. The
GC electrode was oxidized by scanning the potential from
—0.2 to 2 V over S cycles. The preoxidation of the GC
electrode negatively affected the OE response. Therefore,
nickel deposition in the presence of glucose was examined on
nonoxidized GC electrodes (curves c—e). The results indicate
that while increasing glucose concentration does not
significantly affect the Ni**/Ni** redox couple, it markedly
improves the rate of OE. This suggests that glucose has a
notable impact on the phase of the deposited nickel oxide.

34932

3.2, Effect of Scan Rate on the Nickel Modified
Electrode. Figure 5 shows the effect of scan rate on the
voltammetric behavior of GC/Ni, prepared in the presence of
glucose, in a 0.5 M NaOH solution for electrochemical
characterization. As the scan rate increases, both the cathodic
and anodic peak currents rise, with the anodic peak potential
shifting positively and the cathodic peak potential shifting
negatively, demonstrating the quasi-reversible nature of the
redox couple. Figure 6 presents the relationship between the
peak currents (cathodic and anodic) and scan rate. The linear
correlation observed indicates the adsorption nature of the
Ni*/Ni** couple.ls’sz_58

3.3. Linear Scan Voltammetry Using the Nickel
Modified Electrode. Figure 7 presents the catalytic perform-
ance of the OE reaction (OER) assessed using linear sweep
voltammetry (LSV) at the GC/Ni electrode in 0.5 M NaOH.
Nickel was deposited with various glucose concentrations, and
the LSV plots are shown for: (a) no glucose, (b) after
oxidation, (c) 20 mM glucose, (d) 30 mM glucose, and (e) SO

https://doi.org/10.1021/acsomega.4c04700
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Figure 13. CVs of nickel NP-modified GC electrodes prepared with different additives in a S mM potassium ferrocyanide solution. Nickel
deposition was performed in the presence of 30 mM glucose, glycerol, and EG, with a scan rate of 100 mV/s.

mM glucose, all at a scan rate of 10 mV/s. The onset potential
of the OER shifts cathodically with increasing glucose
concentration. Specifically, the overpotential required to

sustain 10 mA cm™2

34933

is 0.63 V for nickel deposited without
glucose, 0.70 V after oxidation, and 0.56, 0.55, and 0.53 V for
20, 30, and 50 mM glucose, respectively. This demonstrates
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the significant impact of glucose on the activity of the
deposited nickel.

Figure 8 compares the effects of EG, glycerol, and glucose as
additives on the OE performance at a nickel-modified
electrode. LSV plots were obtained at the GC/Ni electrode
in 0.5 M NaOH, with nickel prepared (b) in the absence of
additives and in the presence of 30 mM of (c) glucose, (d) EG,
and (e) glycerol, all at a scan rate of 10 mV/s. The onset
potential of OER shifts cathodically to varying degrees
depending on the hydroxyl compound used during nickel
deposition. The largest shift is observed in the GC/Ni-EG
curve (d), likely due to the smaller particle size as shown in the
SEM images (Figure 1). A current density of 10 mA/cm? is
commonly used as a benchmark for evaluating electrocatalytic
materials for both hydrogen and OE reactions.””® The
overpotential needed to sustain 10 mA/ cm? at the GC/Ni-EG
electrode is 0.47 V, comparable to that of the IrO, electrode,
which is a leading candidate for this application.’’ Recently, it
has been reported that certain manganese cobalt and iron
oxides demonstrate significantly better performance, even
surpassing that of the benchmark IrO,. This improvement is
achieved by tuning modifier activity, which tailor the properties
of the electrode for optimal mediation.>”%*

3.4. Mechanism for the Understudy OER. The
proposed mechanism for OER at the anode in alkaline
conditions involves a series of reaction steps, which can be
described as follows: the process begins with the anodic
discharge of water molecules, leading to the formation of
adsorbed hydroxyl radicals on the catalyst surface®®

M+ OH  — MOH + e~ (3)

These adsorbed hydroxyl radicals then react to form metal
oxide species

MOH + OH™ — MO + H,0 + e~ (4)

The metal oxide species further react with hydroxide ions to
produce metal oxyhydroxide

MO + OH™ —» MOOH + e~ (5)

Finally, the oxygen is formed through the formation and
decomposition of MOOH intermediate.

MOOH + OH™ - M + O, + H,0 + &~ (6)

Nickel oxyhydroxide (NiOOH) is believed to play a crucial
role in this mechanism. It participates in one or more of these
steps through redox mediation. The NiOOH acts as an active
site, facilitating the formation and decomposition of the
MOOH intermediate, thereby aiding the OER process as
illustrated in the following scheme (see Scheme 1).

3.5. Stability of the Modified Electrode. The stability of
the modified electrode was assessed through continuous
potential cycling, a widely recognized method for evaluating
electrode stability.®” Figure 9 presents CV results for GC/Ni-
EG in NaOH, scanned over 900 cycles. The CV curves for
cycles 1, 400, and 900 exhibit minimal variation, indicating
consistent electrochemical stability throughout the cycling
process. This demonstrates that the nickel NPs on GC
maintain stability under these conditions, which is important
for applications such as electrochemical sensors and energy
storage devices. Additionally, Figure 10 shows the results of
OE tests performed on the same electrode after continuous
cycling. The data reveal that the performance of the electrode
remained virtually unchanged after 900 cycles compared to the

initial cycle, confirming that continuous cycling did not
adversely affect the OF performance.

Figure 11 presents the Tafel plots derived from LSV curves
to assess OER kinetics on the modified electrodes. The Tafel
slopes were found to be 181 mV dec™" for GC/Ni and 175 mV
dec™! for GC/Ni-Glu. The similar slopes suggest that the same
mechanism is involved at both electrodes, although the GC/
Ni-Glu electrode shows higher activity. Previous studies have
indicated that additives in the deposition bath can significantly
influence the morphology and phase of the deposited species,
which in turn affects their performance as electrocatalysts for
OE and other electrochemical reactions.*®

To investigate the catalytic source, XPS was utilized, and the
resulting data are presented in Figure 12. Elemental mapping
was conducted on the spectra of nickel NPs across a binding
energy range of 0 to 1200 eV, with graphs displaying the C 1s
(panel A), Ni 2p (panel B), and O 1s (panel C) states. In panel
A, a standard carbon peak (C 1s) at 284.80 eV was observed,
with the mean peak for the graphitic carbon centered at 284
eV. The XPS spectra of the Ni 2p states for NPs fabricated in
the absence and presence of additives are depicted in panel B.
Notably, the Ni 2p core spectra were clearly discernible in the
case of nickel deposited in the presence of EG, while in other
samples, the Ni 2p peak was not as prominent, indicating more
intensive deposition in the former case. It is noteworthy to
mention that although the electrochemical behavior of the
modified electrodes clearly indicates the deposition of nickel,
as evidenced by the nickel couple shown in Figures 3 and 4,
the peak corresponding to nickel in the XPS spectrum is not
observed. This could be attributed to the low percentage
loading of nickel NPs, consistent with literature.®>”® This
disparity could also indicate a difference in the chemical state, a
hypothesis that could be verified by examining the oxygen peak
(panel C). XPS has been shown to differentiate oxidation
states based on binding energy peaks. The peaks obtained at
approximately 854, 862, and 879 eV suggest Ni’* states. The
characteristic core level O 1s peaks for GC/Ni, GC/Ni-glu,
and GC/Ni-EG are centered at 531, 532, and 533 eV,
respectively, indicating different ratios of nickel oxidation
states. The shift observed in GC/Ni-EG suggests the formation
of an O—H group in the deposited NiO surface layer. Such
shifts in binding energies could be the reason behind the
differing activities of the deposited nickel.”"”*

To further understand the catalytic properties of the
modified electrodes, their voltammetric behavior in a
ferrocyanide solution was examined and is presented in Figure
13. This figure shows CVs GCE modified with nickel NPs (Ni
NPs), each prepared with different additives (glucose, glycerol,
and EG) during electrodeposition. The CVs were recorded in a
S mM potassium ferrocyanide solution, a well-known redox
probe that exhibits a reversible one-electron process. The
redox couple [Fe(CN)s]>"/[Fe(CN)¢]*~ shows distinct
oxidation and reduction peaks within the potential range of
1.0 to 1.5 V at a scan rate of 100 mV/s. The peak separation of
146 mV indicates quasi-reversible electrode behavior.”> Among
the electrodes tested, the one prepared in the presence of EG
displayed the highest electrocatalytic activity, evidenced by the
highest peak currents and the smallest peak separation. This
enhanced activity suggests that EG improves the dispersion
and reduces the particle size of Ni NPs, thereby increasing the
surface area and number of active sites for redox reactions, as
supported by SEM images (see Figure 1).
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4. CONCLUSION

The electrochemical performance of nickel NP modified GC
electrodes, prepared with various additives, provides key
insights into their catalytic behavior for OE reaction. CV and
LSV reveal that EG is the most effective additive, leading to the
smallest particle size and highest electrocatalytic activity,
evidenced by the lowest overpotential and highest current
density. Glucose and glycerol also improve performance but to
a lesser extent. Continuous potential cycling shows that the
GC/Ni-EG electrode remains stable over 900 cycles, indicating
its robustness for long-term use. Tafel analysis confirms similar
catalytic mechanisms across different electrodes, with GC/Ni-
Glu showing slightly enhanced activity. Redox behavior studies
with potassium ferrocyanide reveal that GC/Ni-EG exhibits
the highest electrocatalytic activity due to better dispersion and
smaller particle size of Ni NPs. Overall, EG significantly
enhances both the stability and catalytic activity of the
electrodes, offering valuable insights for optimizing electro-
catalysts in energy conversion and electrochemical sensing
applications.
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