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Comparative Studies of Fe, Ni, Co and Their Bimetallic
Nanoparticles for Electrochemical Water Oxidation

Maduraiveeran Govindhan, Brennan Mao, Aicheng Chen”
(Department of Chemistry, Lakehead University, 955 Oliver Road, Thunder Bay, Ontario P7B SE1, Canada)

Abstract : The design of efficient, durable, and earth-abundant electrocatalysts via environmentally compatible strategies for the
oxygen evolution reaction (OER) is a vital for energy conversion processes. Herein we report a facile approach for the fabrication of
low-cost and earth abundant metal catalysts, including iron (Fe), nickel (Ni), cobalt (Co), CoNi, and CoFe nanoparticles (NPs) on ti-
tanium (T1) substrates through a one-step electrochemical deposition. Field-emission scanning electron microscopy(FE-SEM), ener-
gy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) spectrocopy, X-ray photoelectron spectroscopy (XPS), and elec-
trochemical techniques were employed to characterize these nanoparticles. Our electrochemical results revealed that among the five
synthesized nanomaterials, the Ti/Co electrode exhibited the highest electrocatalytic activity toward OER in 0.1 mol- L' KOH with a
current density of 10.0 mA-cm? at 0.70 V vs. Ag/AgCl. The optimized Ti/Co electrode exhibited a small overpotential (1) of 0.43 V
at 10.0 mA -cm? and a high mass activity of 105.7 A -g" with a turnover frequency (TOF) value of 1.63 x 10° s, which are compa-
rable to the values obtained with the state-of-the-art Pt/C and RuO, electrocatalysts. In addition, the durability of the optimized
Ti/Co electrode was tested using a chronopotentiometric technique, which revealed that the developed electrocatalyst possessed
good stability for OER in an alkaline solution. The high catalytic activity, high stability, earth abundance, cost-effectiveness, and
easy scale-up for mass production make the Co nanoparticles, which were electrochemically deposited on a Ti substrate, promising

for industrial water splitting.
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The development of a technology that has the constrains the efficiency of water splitting devices

capacity to efficiently generate hydrogen from water
would provide a new renewable, sustainable, and
clean energy system to address the critical climate
change and environmental issues, which are caused
by the combustion of coal, oil, and natural gas ™.
Electrochemical water oxidation is one of the poten-
tial approaches for the production of hydrogen on an
industrial scale, although more cost-effective and ef-
ficient electrocatalysts for the oxygen evolution reac-
tion (OER) are required to be developed*®. The elec-
trochemical water splitting process is comprised of
two key reactions: OER at the anode, and hydrogen
evolution reaction (HER) at the cathode. However, the
OER (e.g., 4 OH— 2H,0 + 4¢ + O,, occurring in an

alkaline solution) exhibits sluggish kinetics, which

Received: 2016-12-17, Revised: 2017-03-21

Robust and highly active electrocatalysts are thus re-
quired in order to lower the overpotential (n) and im-
prove the overall efficiency of the OER.

In a water electrolysis system, the overpotential,
which is related to the electrode potential difference
and is essential for driving the reaction at a given cur-
rent density, is primarily from the OER rather than
initiated by the HER™"", Several hundred millivolts of
overpotential are often required to be overcome, to-
ward the achievement of a typical current density of
10.0 mA - cm™™B1. For this reason, considerable re-
search efforts have been invested in the development
of high-performance electrocatalysts with low OER
overpotential and cost. Currently, precious metals (e.g.,
Pt, Ptlr, PtRu) and metal oxides such as RuO, and

*Corresponding author, Tel: 1 807 343 8318 , E-mail: aicheng.chen@lakeheadu.ca
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IrO, are considered to be state-of-the-art electrocata-
lysts for the OER!™, Unfortunately, these are among
the rarest elements on earth and are costly; hence, it
is not practical to employ them for large-scale com-

14161 - Conse-

mercial electrochemical water splitting!
quently, there are great interests in the development
of earth abundant metal and metal oxide based elec-
trocatalysts with high specific surface areas for the
OERM7™1, Recent studies have shown that nickel (Ni),
iron (Fe), and cobalt (Co) based metal/oxides, hydro-
(oxy)oxides, phosphates, chalcogenides and per-
ovskites are promising for the OER due to their high
catalytic activity, earth abundance, and low cost®?),
There are several methods available for the prepara-
tion of stable electrocatalysts, including electrodepo-
sition, hydrothermal, and chemical reduction meth-
ods. Hydrothermal and chemical reduction methods
may potentially exhibit high-performance for OER,
but they possess a number of disadvantages, includ-
ing high temperature, lengthy operation time, and the
use of toxic reducing chemicals in the formation of
non-noble metal nanostructures.

Electrochemical deposition comprises a green
approach that may produce mono-dispersed nanoma-
terials with high active surface areas onto substrate
surfaces. The morphology and thickness of active ele-
ctrocatalysts can be simply controlled by manipulat-
ing the current or charge applied to the electrodes™?.
Many researchers have been intensively investigating
the enhanced performance of electrocatalysts by al-
tering preparation methods, annealing conditions,
dispersion techniques, precursors and solvents, and
current or charge to achieve highly active surface ar-
eas and stable catalytic responses. In the present
study, we directly grew a series of non-noble metal
electrocatalysts, including Fe, Ni, Co, CoNi, and
CoFe NPs on a Ti substrate, via a one-step facile
electrochemical deposition method. A Ti plate was
selected as the electrode substrate due to its low cost,
high mechanical and thermal stability, and high cor-
rosion resistivity, which are very important for practi-
cal applications. Our experimental results revealed
that a Ti/Co electrode possessed high OER electro-

catalytic performance over the other electrodes fabri-
cated in the present study. The optimized Ti/Co elec-
trode exhibited a lower i and smaller Tafel slope in
contrast to a benchmark Pt electrocatalyst in alkaline
media. To the best of our knowledge, this is the first
report on the deposition of Co NPs on a Ti substrate
as an efficient electrocatalyst for water oxidation. The
cost-effectiveness, high catalytic activity and easy
scale-up for manufacturability make the nanostruc-
tured Ti/Co electrode developed in the present study
promising for practical energy applications.
1 Experimental
1.1 Materials

Analytical grade cobalt(Il) sulfate heptahydrate,
nickel (I) nitrate hexahydrate, iron (III) nitrate hex-
ahydrate, and potassium hydroxide (KOH) were pur-
chased from Sigma-Aldrich. Ti plates (99.2%, 1.25 cm
x 0.80 cm x 0.5 mm) were cleaned by sonication in
acetone, followed by pure water (18.2 M) -cm), then
etched in an 18% HCI solution at 85 °C for 10 min,
and finally copiously rinsed with pure water. All oth-
er analytical grade reagents were used as received.
Double distilled water, purified with a NANOpure®
water system was used in the preparation of all solu-
tions. All electrochemical experiments were carried
out in a 0.1 mol-L"' KOH electrolyte solution.
1.2 Fabrication and Characterization

The Fe, Ni, Co, CoNi, and CoFe NPs were
grown directly onto the Ti substrate using a sin-
gle-step electrochemical deposition method. The
electrochemical deposition of the non-noble metal
nanoparticles was carried out by applying the elec-
trode potential of -1.0 V (vs. Ag/AgCl) for 10 min in
an Ar-saturated 5 mmol -L" metal salt + 0.1 mol -L"!
Na,SO, solution. The resulting electrode was rinsed
with a copious amount of water and dried at 40 °C in
an oven. To optimize the quantity of Co NPs formed
on the Ti substrate, the electrodeposition time was
varied from 2 to 15 min. Morphological and energy
dispersive X-ray spectroscopic (EDX) studies were
performed utilizing a field emission scanning electron
microscope (FE-SEM) (Hitachi SU-70). X-ray diffra-
ction (XRD) patterns were recorded using a Pananalyt-
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ical Xpert Pro Diffractometer with a Ni filtered
monochromatic Cu Kr (0.15406 nm, 2.2 kW Max.).
X-ray photoelectron spectra (XPS) were recorded via
a ThermoFisher XPS system, where the size of the
X-ray spot was 400 pwm, using an Al K, monochro-
matic source.

Electrochemical experiments were performed
with a CHI 660B electrochemical workstation (CH
Instrument Inc. USA) utilizing a conventional one
compartment three-electrode cell. The nanoparticles
deposited on the Ti substrate were utilized as the
working electrode, whereas silver/silver chloride
(Ag/AgCl) was utilized as the reference electrode,
and a platinum coil was used as the counter elec-
trode. Argon (Ar) gas was introduced to purge the so-
lution in achieving an O,-free condition. All of the
electrochemical experiments were performed at am-
bient room temperature (20 + 2 °C). OER was carried
out in a 0.1 mol -L"' KOH electrolyte, which was
purged with high purity Ar for 20 min to remove all
of the dissolved oxygen. Linear sweep voltammetric
(LSV) experiments were performed by sweeping the
potential from 0.0 to 1.0 V for several scans until a

stable LSV curve was obtained.

2 Results and Discussion

The surface morphologies of the Fe, Ni, Co,
CoNi, and CoFe NPs deposited on the Ti substrates
were characterized by FE-SEM. As seen in the SEM
images (Figs. 1A-E), nanoparticles with different mo-
rphologies and dimensions were successfully formed
via a single-step electrochemical deposition approach
under a constant applied electrode potential of -1.0 V
(vs. Ag/AgCl) for 10 min. Fig. 1A shows the FE-SEM
image of the formed Fe NPs with an average
nanoparticle size of ~ 370 nm, which exhibited the
largest size due to agglomeration in comparison to all
of the other nanoparticles deposited on the Ti sub-
strate. As depicted in Fig. 1B, the Ni NPs were uni-
formly distributed on the substrate, and their average
particle size was calculated to be ~ 28 nm, which was
smaller than those of the Co and Fe NPs. Fig. 1C pre-
sents the FE-SEM image of the Co NPs with an aver-
age particle size of ~ 31 nm. The formed Co NPs

were covered with thin Co layers, which linked dif-
ferent nanoparticles together. As shown in Fig. 1D
the formed bimetallic CoNi NPs exhibited a cubic
shape with an average nanoparticle size of ~ 67 nm,
which were different from the prepared Ni and Co
NPs. In addition, heterogeneous CoFe nanostructures
with various shapes such as rods, triangles, cubes,
and spheres were deposited on the Ti substrates as
displayed in Fig. 1E. For instance, the nanorods had
average lengths of ~ 48 nm and diameters of ~ 15 nm;
and the median dimension of the spherically shaped
nanoparticles was measured to be ~ 44 nm. Fig. 1F
presents the EDX spectra of the Ti/Fe, Ti/Ni, Ti/Co,
Ti/CoNi, and Ti/CoFe electrodes, which confirmed
their compositions. The atomic ratios of Co:Ni and
Co:Fe were calculated to be 40.6:59.4 (1.0:1.4) and
44.9:55.1 (1.0:1.2) for the bimetallic CoNi and CoFe
nanoparticles deposited on the Ti substrates, respec-
tively. The different ratios could be attributed to their
different electrochemical reduction potentials, as well
as how the nanoparticles were formed on the Ti sub-
strates.

The fabricated Ti, Ti/Fe, Ti/Ni, Ti/Co, Ti/CoNi,

Intensity/(a.u.)
=

6
Energy/keV

Fig. 1 FE-SEM images of the Fe NPs (A), Ni NPs (B),
Co NPs (C), CoNi NPs (D) and CoFe NPs (E). EDX
spectra of the Fe NPs, Ni NPs, Co NPs, CoNi NPs
and CoFe NPs (F).
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and Ti/CoFe electrodes were tested toward the elec-
trocatalytic oxidation of water in 0.1 mol -L"' KOH.
Fig. 2A displays the LSV curves of these six elec-
trodes, whereas their corresponding current densities
measured at 1.0 V. As anticipated, the unmodified Ti
electrode had minimal catalytic activity; almost no
OER response was observed in the investigated elec-
trode potential range. As seen in Fig. 2A, the onset
potential for the OER was decreased in the following
order: Ti > Ti/Ni > Ti/CoNi=Ti/Fe > Ti/CoFe =
Ti/Co electrodes. The current density was increased
in the following order: Ti << Ti/Ni << Ti/CoNi <
Ti/Fe < Ti/CoFe < Ti/Co electrodes, revealing that
the formed Co NPs possessed the highest catalytic ac-
tivity for the OER. At 1.0 V, the current density of
the Ti/Co electrode was 62.6 mA -cm? which was ~
52.2 and ~ 7.6 times higher than those of the Ti/Ni
(1.2 mA-cm?) and Ti/Fe (8.2 mA -cm?), respectively.
Fig. 2B presents the Tafel plots of the Ti electrodes

A
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60 F _ penps
—— NiNps
o —— Co NPs
G | —— CoNiNPs
g 40 —— CoFe NPs
<
£
§ 20 L
—=
0 o o s :
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—— Co NPs
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< 'y
&
<
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[
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Fig. 2 A. LSV curves of the Ti, Ti/Fe, Ti/Ni, Ti/Co, Ti/CoNi
and Ti/CoFe electrodes recorded in 0.1 mol- L' KOH
at a scan rate of 20 mV -s'; B. Tafel plots of the
Ti/Fe, Ti/Ni, Ti/Co, Ti/CoNi and Ti/CoFe electrodes
recorded in 0.1 mol -L" KOH at the scan rate of 0.1

mV-sl

modified with the different nanomaterials, indicating
that the Tafel slope was decreased in the following
order: Ti/Ni(147 mV-dec™) > Ti/CoNi (138 mV -dec™)
> Ti/Fe (131 mV -dec") > Ti/CoFe (86 mV -dec™)
> Ti/Co (81 mV -dec”) electrodes. These aforemen-
tioned results revealed that although the formations
of the CoNi and CoFe NPs improved the catalytic ac-
tivities of the Ni and Fe NPs, the bimetallic NPs still
exhibited lower activity than the formed Co NPs.
Thus, we focused primarily on the characterization,
optimization and testing of the Co NPs in the subse-
quent study and discussion.

The crystalline nature, surface chemical compo-
sition and valence states of the Co NPs deposited on
the Ti substrate were further examined using XRD
and XPS. Fig. 3A shows the XRD pattern of the
Ti/Co electrode surface, where the peaks marked
with asterisks were derived from the Ti substrate.
Two sharp diffraction peaks centered at 44.4° and
51.9° appeared, which were indexed to the (111) and
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Fig. 3 A. XRD pattern of the Ti/Co-10 electrode. The peaks
marked with asterisks were derived from Ti sub-
strate; B. XPS data of Co 2p recorded for the
Ti/Co-10 electrode
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(200) reflections of the face-centered cubic (fcc)
structure of metallic cobalt (JCPDS File No: 15-0806).
This result was consistent with the previous reports
on metallic CoP”. Fig. 3B depicts the Co 2p XPS of the
Ti/Co electrode; the peaks appeared at ~ 799.6 and ~
796.9 eV, which corresponded to the Co 2p** and Co
2p'? states. The binding energies were shifted from the
metallic Co 2p*? (778.1 eV) and Co 2p'? (793.3 V),
indicating that the metallic Co NPs deposited on the
Ti substrate were partially oxidized with oxygen in
the surrounding®’!.

The quantity of the Co NPs deposited on the Ti
substrate was optimized by changing the electro-
chemical deposition periods to 2, 5, 10, and 15 min at
an applied electrode potential of -1.0 V vs. Ag/AgCl;
and the obtained Ti/Co electrodes were designated as
Ti/Co-2, Ti/Co-5, Ti/Co-10, and Ti/Co-15, respec-
tively. Fig. 4A depicts the LSV curves of the Ti/Co-2,
Ti/Co-5, Ti/Co-10, and Ti/Co-15 electrodes recorded
in 0.1 mol -L"' KOH, while Figs. 4B and 4C present
the corresponding plots of the current densities mea-
sured at 1.0 V and an electrode potential at 10.0
mA -cm? versus the as-prepared Ti/Co electrodes.
With an increase of the electrodeposition time from 2
to 10 min, the current density was raised. This might
have been attributed to the formation of the highly
densed and interconnected Co NPs on the Ti surface,
as shown in Fig. 1C, providing additional catalytic
active sites for water oxidation. However, further in-
creasing the electrodeposition time to 15 min the cur-
rent density was slightly decreased. The excess Co
deposition might have led to the formation of larger
particles, thus decreasing the population of active
sites for the OER. As compared in Figs. 4B & C and
Table 1, the prepared Ti/Co-10 electrode exhibited
the lowest onset potential (0.56 V), the least oxidation
potential (0.70 V) to achieve a current density of 10.0
mA -cm?, and the highest current density (62.6
mA - cm?) at the applied electrode potential of 1.0 V,
showing that 10 min was the optimized electrodeposi-
tion time.

Electrochemical impedance spectroscopic (EIS)

measurements were made to further investigate the

electrocatalytic activity of the prepared Ti/Co elec-
trodes for OER. Fig. 5 displays the Nyquist plots of the
Ti/Co-2 (a), Ti/Co-5 (b), Ti/Co-10 (c), and Ti/Co-15 (d)
electrodes recorded in 0.1 mol-L*' KOH at an applied
potential of 0.6 V. The Nyquist plot of the complex
impedance represents the imaginary versus the actual
portion of the impedance, and the formed semicircles
in the applied frequencies corresponded to the elec-
tron transfer-limited process. The inset in Fig. 5 dis-
plays an equivalent electric circuit to fit the obtained
EIS experimental data, where R, denotes the solution
resistance, R, the charge-transfer resistance and CPE
the constant phase element which is defined by CPE-T
and CPE-P. The CPE is considered to be a capacitor

A
—— Ti/Co-2
s 0 Tices
Q —— Ti/Co-10
§ 40| — TiCo-15
z
= 20
<
A
0
0.0 0.3 0.6 0.9
5 E/N(Ag/AgCl)
> 60
®
o 40
Q
T 20
,\\:
0 : ,
C Ti/Co-2 Ti/Co-5 Ti/Co-10Ti/Co-15
0.76
g
Q
T 072
=
®
g
5 0.68

Ti/Co-2 Ti/Co-5 Ti/Co-10 Ti/Co-15

Fig. 4 A.LSV curves of the Ti/Co-2, Ti/Co-5, Ti/Co-10 and
Ti/Co-15 electrodes recorded in 0.1 mol - L' KOH at
a scan rate of 20 mV -s; B-C. The current density
plots at 1.0 V and E,, at 10 mA -cm? against the
Ti/Co electrodes.
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Tab. 1 Comparison of OER parameters of the Ti/Co electrodes fabricated at different electrodeposition time

E, OER/V@10 Tafel slope/ .
Electrode Onset OER/V Overpotential/V
(mA-cm?) (mV-dec™)
Ti/Co-2 0.58 0.75 85.70 0.46
Ti/Co-5 0.57 0.73 82.40 0.46
Ti/Co-10 0.56 0.70 81.10 0.43
Ti/Co-15 0.57 0.73 82.50 0.46

Cq when CPE-P =1BY, The CPE indicates the capaci-
tive behavior of the interface at the Ti/Co electrode
and the alkaline electrolyte. The resulting fitting
curves are presented in Fig. 5 as solid lines, and the
values of the R, R,, CPE-T, and CPE-P elements
with their associated errors (%) are listed in Table 2,
demonstrating that the proposed equivalent electric
circuit fits the EIS data very well. The R, values for
all of the electrodes used in this investigation were
similar, in the range of 4.97 to 6.63 ) -cm’ The R,
values of the Ti electrodes modified with Co NPs
with the electrodeposition time of 2, 5, 10, and 15
min were found to be 157.00, 125.60, 100.90, and
131.60 Q -cm? respectively, which was consistent
with the results presented in Fig. 4. The CPE-P val-
ues were also similar, in the range from 0.80 to 0.92
for all the electrodes. The CPE-T element values
were found to be 8.18, 8.27, 8.68, and 8.34 mF -cm?

Z/Q

0 40 80 120

Fig. 5 Nyquist plots of the Ti/Co-2 (a), Ti/Co-5 (b), Ti/
Co-10 (c¢) and Ti/Co-15 (d) electrodes recorded in 0.1
mol -L"' KOH at an applied potential of 0.6 V. The
amplitude of modulation potential was 5 mV. The
frequency was changed from 100 kHz to 0.04 Hz.
The inset is the corresponding equivalent electric cir-

cuit.

for the Ti/Co-2, Ti/Co-5, Ti/Co-10, and Ti/Co-15
electrodes, respectively. The lowest R, and the largest
CPE-T values further confirmed that the Ti/Co-10
electrode possessed the highest electrochemical activ-
ity toward OER in an alkaline electrolyte.

Tafel plots were obtained to further investigate
the OER kinetics of the Ti/Co electrodes. Fig. 6 dis-
plays the Tafel plots of the Ti/Co-2 (black), Ti/Co-5
(red), Ti/Co-10 (green), and Ti/Co-15 (blue) electrodes
recorded in 0.1 mol -L*! KOH at a scan rate of 0.1
mV -s'. The resulting Tafel slopes were found to be
85.7, 82.4, 81.1, and 82.5 mV -dec! for the Ti/Co-2,
Ti/Co-5, Ti/Co-10, and Ti/Co-15 electrodes, respec-
tively, which were quite small, showing that all of the
prepared Ti/Co electrodes possessed high catalytic
activity for the OER. The Tafel slope was decreased
from ~ 85.7 to 81.1 mV -dec” by lengthening the
electrodeposition time, from 2 to 10 min. When the
electrodeposition time was further increased, the
Tafel slope was increased slightly to 82.5 mV -dec”,
which further confirmed that 10 min was the opti-
mum electrodeposition time. A small Tafel slope is
desirable for practical water splitting applications as
it may provide an increased OER rate with a decrease
of the overpotential. It is noteworthy to note that the
aforementioned voltammetric, impedance and Tafel
plot results were consistent, indicating that the Co
NPs possessed high catalytic activity for OER and
that the increase of the current density was likely due
to the increase of the electrochemically active surface
area (EASA) when the deposition time was increased
from 2 min to 10 min. Further prolonging the deposi-
tion time from 10 to 15 min, the EASA might be de

creased due to the formation of larger particles.
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Tab. 2 EIS fitting results from the Nyquist plots of Fig. 5 using a proposed equivalent electric circuit
RJ(Q-cm?) R/(Q2-cm?) CPE-T/(mF - cm?) CPE-P
Electrode
Value Error/% Value Error/% Value Error/% Value Error/%
Ti/Co-2 6.63 0.90 157.00 1.20 8.18 2.30 0.80 0.27
Ti/Co-5 5.79 1.23 125.60 0.87 8.27 1.28 0.92 0.45
Ti/Co-10 4.97 2.03 100.90 1.03 8.68 2.08 0.89 0.78
Ti/Co-15 5.23 0.87 131.60 2.04 8.36 1.89 0.91 0.53
0.72 1 Equation (1):
Ti/Con 82.4 mV-dec q ) N
—— Ti/Co-5 Mass activity = j/m (D
0.68 | — Ti/Co-10 s : .
5 —— Ti/Co-15 where ‘j’ is the obtained current density (10 mA -cm™)
an
< 0.64 81.1 mV-dec” at an overpotential (1) 0.43 V, and ‘m’ is the mass of
ah 0. r
% the Co NPs deposited on the Ti substrate at the elec-
Q060 L trocatalyst, which was 0.0946 mg-cm? The mass ac-
. paald
82.5 mV-dec’ tivity of the Ti/Co-10 electrode was calculated to be
0.56 : : : : 1057 A-g'atp =043 V.
SAU RO e e R Based on the literature® *, the reactions associ-
1g(i/A)

Fig. 6 Tafel plots of the Ti/Co-2, Ti/Co-5, Ti/Co-10 and Ti/
Co-15 electrodes recorded in 0.1 mol -L' KOH at a

scan rate of 0.1 mV+s’

The overpotentials of all the Ti/Co electrodes
were calculated and are listed in Table 3. The Ti/Co-10
electrode exhibited the lowest overpotential (0.43 V),
which was the lowest in comparison to most of the
recent electrocatalysts summarized in Table 3. Mass
activity is an important parameter of catalysts for
practical applications. The mass activity (A-g") of the

optimized Ti/Co-10 electrode can becalculated using

ated with OER mechanism that occurred at the cata-
lyst (M) might be proposed as follows:

M+ OH — M-OH + ¢

M-OH + OH — M-O + ¢ + H,0

M-O + OH — M-OOH + ¢

M-OOH + OH — M-0, + ¢ + H,0

M-0, > M+ 0O,
The OER begins with the adsorption and discharge of
hydroxyl anions (OH") at the catalyst. The formation
of adsorbed hydroxide, atomic oxygen, and superoxy
(OOH) species may take place at the electrode/elec-
trolyte interface and four-electron transfer is involved

in the overall oxygen evolution reaction. The forma-

Tab. 3 Comparison of the OER activity with different electrocatalysts reported in the literature

Tafel slope/

Electrode Overpotential/V (mV-dec”) Electrolyte Refs
FTO/NiP 0.50 60 1 mol-L"' KOH [33]
GC/CoP 0.49 77 1 mol-L' KOH [34]
NF/NiSe@NiOOH 0.46 - 1 mol- L' KOH [35]
GC/Niy(PET) 0.47 69 1 mol-L"' KOH [36]
GC/Au;,Coy/C 0.52 66 0.1 mol-L"' KOH [37]
GC/pPt-C 0.56 127 0.1 mol-L' KOH [15]
Ti/Co-10 0.43 81 0.1 mol-L"' KOH This work

FTO: fluorine doped tin oxide; GC: glassy carbon; NF: nickel foam
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tion of M-OOH is considered as the rate-determining
step; and a good electrocatalyst is expected to pro-
mote the formation of M-OOH as well as to facilitate
the followed deprotonation step. The catalytic OER
ability was further assessed by the turnover frequency
(TOF) of the catalyst at this overpotential, which was
estimated using Equation (2) by assuming that all the
Co atoms were involved in the catalytic process™:

TOF = (j x S)/(4Fn) 2)
Herein, ‘j’ is the measured current density at n =
0.43 V; ‘S’ is the surface area of the Ti substrate; 4
is the four-electron transfer required for the formation
of O,; ‘F’ is Faraday’s constant; and ‘n’ relates to
the number of moles of Co atoms deposited on the Ti
electrode surface. The TOF of the Ti/Co-10 electrode
was calculated to be 1.63 x 10® s, which was close
to the value of the 20wt% Pt/C.

To develop cost-effective catalysts for OER, sta-
bility and reproducibility are also critical factors a-
side from their catalytic activity. The stability of the
Ti/Co-10 electrode toward the OER was further in-
vestigated in 0.1 mol -L"' KOH thought the applica-
tion of a constant current density of 10 mA -cm? for
60,000 s using chronopotentiometry (Fig. 7). As shown
in Fig. 7, the as-prepared Ti/Co-10 electrode demon-
strated high stability, suggesting that the present inex-
pensive electrode was very appropriate for OER in an
alkaline solution. Fig. 8 A and Fig. 8B present the SEM
images of the Ti/Co-10 electrode prior to and follow-
ing the stability test, respectively. The rough surface
of the Ti substrate seen in the SEM images was due
to the HCI etching process as described in the experi-
mental section. As displayed in Fig. 8, no obvious
change in surface morphology of Co NPs was ob-
served after the stability test carried at a constant cur-
rent density of 10 mA -cm? for 60,000 s, further con-
firming that the developed Ti/Co-10 electrode pos-
sessed a high stability for the OER. Finally, the repro-
ducibility of the Ti/Co electrodes was examined by
employing three different electrodes that were fabri-
cated and tested under identical conditions. The rela-
tive standard deviation (RSD) was measured at a cur-
rent density of 10.0 mA -cm? to be 1.7%, which vali

>
S
o

S
o

_—

E/N(Ag/AgCl)
o
~

o
o

0.5 : :
0 20000 40000 60000
Time/s
B 100
X
2
[=}
> 90
z
g
o
.E 80
=
o
o~
70 . ‘
0 20000 40000 60000
Time/s

Fig. 7 Chronopotentiometric response (A) and relative cat-
alytic activity (B) of the Ti/Co-10 electrode toward
OER with an applied current density of 10.0 mA - cm?
in 0.1 mol-L' KOH

Fig. 8 SEM images of'the Ti/Co-10 electrode prior to (A) and
following (B) the stability test described in Fig. 7
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dates an acceptable reproducibility of the optimized
Ti/Co electrode for OER in 0.1 mol-L" KOH.

3 Conclusions

In summary, we have demonstrated a facile
one-step electrochemical deposition approach for the
fabrication of inexpensive, earth abundant, and
non-noble metal electrocatalysts, including Fe, Ni,
Co, CoNi, and CoFe NPs, which were directly
formed on the Ti substrates for electrocatalytic water
oxidation in an alkaline solution. Among the five
synthesized nanoparticles, the Co NPs exhibited the
highest electrocatalytic activity toward OER in 0.1
mol L' KOH. The electrodeposition time was also
optimized for the fabrication of the Ti/Co electrodes.
A high mass activity, small Tafel slope and R, value,
low onset potential and overpotential, and large
CPE-T were achieved on the optimized Ti/Co-10
electrode. The excellent OER activity of the Ti/Co
electrode may have been attributed to the formation
of highly densed and interconnected Co NPs on the
Ti surface, which provided extensive catalytic active
sites and enabled rapid electron transfer for the water
oxidation reaction. Chronopotentiometric tests of the
Ti/Co electrode revealed that the Co NPs, which
were directly deposited on the Ti substrate, possessed
high durability toward OER. The environmentally
compatible fabrication process and easy scale-up to
the massive production of the Ti/Co electrode with
high catalytic activity, high stability, and low cost,
make the strategy proposed in the present study
promising for the development of high-performance
OER electrocatalysts inpractical industrial energy
conversion.
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