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Developing transparent electrocatalyst films for the oxygen evolution reaction (OER) is indispensable for
fabricating a tandem photoelectrochemical device for solar hydrogen production. Herein, we developed
a facile solution-based method for depositing highly transparent iron-incorporated nickel hydroxide
oxygen evolution electrocatalysts on conductive glass substrates (FTO). The analysis of UV-Vis spectra
and electrochemical results of the fabricated electrodes indicated that the incorporation of iron into the
nickel hydroxide electrocatalysts greatly influences their transmittance and electrocatalytic activity
toward the OER. It increases the conductivity and activates the Ni sites at lower overpotential via
stabilizing the OER intermediates as supported by electrochemical impedance measurements. At the
optimized iron content, the obtained iron-incorporated nickel hydroxide electrode (FeNi-10) has
a nanoplatelet-like morphology, and it requires just 290 mV to generate 10 mA cm™2 in an alkaline
aqueous medium (1.0 M NaOH) with excellent stability. In comparison, a pristine nickel hydroxide
electrode requires 384 mV under the same conditions. The overpotential obtained is significantly lower
than that of the benchmark RuO, and IrO, oxide OER electrocatalysts deposited on FTO substrates. The
transmittance of the FeNi-10 electrode is comparable to that of the FTO glass. Achieving such cost-
effective, highly active, and transparent iron-incorporated nickel hydroxide OER electrodes offers an
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1. Introduction

To meet the world's future energy needs and reduce the emis-
sion of greenhouse gases, green hydrogen gas (H,) is proposed
as an appropriate chemical fuel and storage medium for solar
energy that is harvested using a PV-integrated water electrolysis
system.'™ It can be used to compensate for the intermittency of
solar energy. In an artificial photosynthetic system, H, could be
produced from water by integrating hydrogen and oxygen
evolution electrocatalysts with a photovoltaic system (e.g:,
silicon solar cell).>® To enhance the efficiency of such a system,
active and cheap materials for solar energy capture and
conversion should be developed.” In parallel to this crucial step,
the discovery of active and abundant electrocatalysts to accel-
erate the kinetics of the sluggish oxygen evolution reaction
(OER) and catalyze the water reduction at low overpotentials is
pressingly needed.® In particular, the discovery of electro-
catalysts for the OER is of great interest.®'® The OER is
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opportunity to fabricate tandem photoelectrochemical devices for low-cost solar fuel production.

a challenging reaction that involves a multi-electron transfer
and elementary steps besides the requirement for the O-O bond
formation."** It is thus a slow reaction and requires a catalyst to
accelerate the reaction process to a kinetically acceptable rate.
The practical OER electrocatalyst should have the following
features: low overpotential, high stability, cheap, abundant, and
scalable. To date, no single electrocatalyst fulfills all these
criteria. However, IrO, and RuO, are the most efficient OER
catalysts and exhibit the lowest overpotentials so far, they are
expensive, and their unsustainable supply limits their use in
large-scale applications.™

Recently, many investigations have been dedicated to
emerging cheap and transition-metal-based monometallic,
bimetallic, and multi-metallic OER electrocatalysts to replace
IrO, and RuO,. They include, for example, cobalt oxide,**'*
manganese oxide," iron oxyhydroxide,”” nickel (oxy)
hydroxides,**® nickel fluoride (NiF,),* iron-incorporated NiS/
Ni(OH),,** FeNi hydroxide,” CoNi hydroxysulfides,** NiFeV-
LDH,> and (Cog 3Mn, ;Nig ¢)(OH),,?® and they exhibit suitable
activities towards water oxidation with significantly lowered
fabrication costs. Among the transition metal electrocatalysts,
nickel (oxy)hydroxides have shown great potential as efficient
electrocatalysts for the OER due to the accessible current
density of 10 mA cm™? at a relatively small overpotential.>>* The
electrocatalytic activities of nickel-based electrocatalysts for the
OER were found to be greatly dependent on the presence of
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Table 1 Composition and electrochemical characteristics of iron-incorporated nickel hydroxide electrocatalysts deposited on FTO-coated
conductive glass. Electrochemical and kinetic parameters of benchmark OER electrocatalysts on plane substrates were also added for

comparison

Fe/(Fe + Ni) Fe/(Fe + Ni) Electrolyte Overpotential mV Tafel slope
Sample ID at% (chemical bath) at% (grown film) (concentration) @ 10 mA cm™> (mV dec™) Ref.
FeNi-0 0 0 NaOH (1.0 M) 384 70 This work
FeNi-1 1 2.9 " 360 48 "
FeNi-5 5 9.5 " 310 42 "
FeNi-10 10 15.2 " 290 41 "
FeNi-20 20 31.2 " 310 37 "
RuO, KOH (0.5 M) 358 55 48
11O, " 411 91 48
Feg 5, Nig ;5(OH), KOH (1.0 M) 315 35 20

iron.?*?”**=* In fact, nickel is always found in combination with
iron in nature. It was discovered, in Ni-based alkaline batteries,
that the Fe impurities in the nickel hydroxide electrodes
significantly reduce their performance by minimizing the OER
overpotential.®»** This finding inspired numerous scientists to
study this phenomenon. They optimized the Fe content and
fabricated various nickel and iron (NiFe) based electrocatalysts
to reach a high rate for the OER at low overpotential. Tro-
tochaud et al®** have investigated this system in detail and
detected an improvement in the Ni(OH),/NiOOH conductivity
by more than 30-fold upon co-precipitation with iron. Moreover,
they hypothesized that iron displays a partial-charge transfer
effect on nickel, comparable to that noticed on the surface of
the noble-metal-based electrode. The Fe** participation in
a nickel (oxy)hydroxide causes optimal adsorption energies for
OER intermediates and enhances the Ni reducibility, thus
improving the OER activity.””**>*” A very low overpotential (i.e.,
200 mV) was recently reported for the OER over hierarchically
structured three-dimensional nickel-iron electrodes from the
alkaline electrolyte.*® The high activity and the low overpotential
were attributed to the significantly improved active surface area,
mass transport, and electron transfer. This report highlights the
importance of the fabrication of nanostructured OER catalysts.
In fact, with the rising demand for renewable and clean energy,
developing a facile solution-based route for synthesizing
transparent films of nanostructured OER electrocatalysts
becomes essential for fabricating tandem devices for photo-
electrochemical water splitting. Sunlight absorption by the
electrocatalysts needs to be avoided to allow light transmission
through the large bandgap photoelectrode to activate the
smaller bandgap one.*

Pristine and Fe-incorporated nickel (oxy)hydroxide electro-
catalysts are commonly synthesized by the hydrothermal®” and
electrochemical deposition (ECD) methods.*****! In this work,
a facile solution-based chemical bath deposition (CBD) method
has been developed to fabricate transparent iron-incorporated
nickel hydroxide films on FTO glass without using any binder.
Compared to the commonly employed hydrothermal and ECD
methods, the proposed synthetic method is more feasible for
scale-up without losing film homogeneity. Moreover, it allows
the preparation of scalable electrocatalyst films with low elec-
trical resistance for the water-splitting cell since no binder is
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used.®® The electrocatalyst films were fabricated simply by
vertically immersing the clean FTO glass substrates in a chem-
ical bath that contains nickel acetate and hexamethylenetetra-
mine at 90 °C. To incorporate iron into the nickel hydroxide
films, iron chloride was added to the chemical bath at the
desired amounts. The electrochemical measurements indicated
that the iron-incorporated nickel hydroxide electrocatalyst
deposited from a chemical bath that contains 10 at% Fe
exhibited the highest electrocatalytic activity. The overpotential
required to generate 10 mA cm > from an alkaline aqueous
medium (1.0 M NaOH) was 290 mV. This overpotential is better
than that reported for RuO, and IrO, benchmark OER electro-
catalysts deposited on FTO in a comparable electrolyte (see
Table 1). Moreover, the film is fully transparent and has
potential application in photoelectrochemical tandem device
fabrication.

2. Experimental

2.1. Electrocatalyst film preparation

Pristine and iron-incorporated nickel hydroxide electrocatalyst
films were grown on conductive FTO-coated glass substrates
from an aqueous solution of nickel acetate tetrahydrate, iron
chloride hexahydrate, and hexamethylenetetramine at relatively
low temperature (95 °C). In detail, the FTO substrate was firstly
cut into small FTO electrodes (1.0 x 1.5 cm®) and washed with
detergent, acetone, and ethanol, respectively, using an ultra-
sonic bath. The small FTO electrodes were then rinsed with
distilled water and dried with compressed air. Aqueous solu-
tions of nickel acetate tetrahydrate (0.25 M, Sigma-Aldrich) and
iron chloride hexahydrate (0.25 M, Sigma-Aldrich) were
prepared in bi-distilled water in the presence of hexamethy-
lenetetramine (0.25 M, HMTA, Sigma-Aldrich). Mixtures of
nickel acetate and iron chloride aqueous solutions were
prepared by mixing 5, 4.95, 4.75, 4.5, 4, and 0 mL of nickel
acetate solution with 0, 0.05, 0.25, 0.5, 1.0, and 5 mL of iron
chloride solution, respectively. The final concentrations of iron
ions in the mixtures were 0, 1, 5, 10, 20, and 100 at%. A 4 mL
aliquot from these mixtures was transferred into 20 mL glass
vials, and the FTO electrodes were vertically dipped in the
solution with the conductive side toward the solution and the
other side toward the wall of the vial. The vials were then sealed

This journal is © The Royal Society of Chemistry 2023
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and put in a laboratory drying oven at 95 °C for the desired time.
Afterward, the vials were cooled to room temperature using
a water bath, and the electrodes were washed with water to
detach the excess precipitated and weakly adhered materials.
Afterward, they were kept at room temperature to dry. The
electrodes, which are prepared from chemical baths containing
0, 1, 5, 10, 20, and 100 at% Fe, are denoted as FeNi-0, FeNi-1,
FeNi-5, FeNi-10, FeNi-20, and FeNi-100, respectively.

2.2. Characterization

The SEM images of the fabricated electrodes were obtained by
using a ZEISS scanning electron microscope. An Optima 8300
ICP-OES (PerkinElmer) was used for determining the iron and
nickel contents in the fabricated electrocatalyst electrodes. The
electrode film (i.e., 3.0 cm?®) was digested in aqua regia (4.0 mL),
and the resulting residue was transferred quantitatively to
a measuring flask and completed to 10 mL before the ICP-OES
analysis. A Jasco V-730 spectrophotometer was employed to
measure the transmittance spectra of the electrocatalyst elec-
trodes. A Thermo Scientific ESCALAB™ Xi' spectrometer was
used to record the X-ray photoelectron spectra (XPS) of the most
active electrode. The obtained XPS spectra were corrected using
the C 1s peak at 284.6 eV as a reference. The CasaXPS software
was used for analyzing and deconvoluting the XPS peaks.

2.3. Electrochemical assessment

All electrochemical experiments were conducted in an aqueous
solution of NaOH (1.0 M, pH = 13.6) using an Autolab
PGSTAT302N potentiostat operating in three-electrode mode.
The working electrode was the electrocatalyst/FTO substrate. Hg/
HgO (1.0 M NaOH, E;Ig/HgO = 0.118 Vgyg) and Pt gauze were the
reference and counter electrodes, respectively. The applied
potential versus the RHE scale was calculated using the following
equation:  Epup = Eugoyug + 0.059 x log(pH) + Epy - TO
complete the working electrode, a conductive silver paste was
used to connect the FTO substrate to a copper wire. Then, a non-
conductive epoxy was used to cover the copper wire and to
confine the active area of the electrocatalyst film to 0.25 cm?. For
conducting the electrochemical impedance spectroscopy (EIS)
experiments, the FRA32M module of the Autolab PGSTAT302N
potentiostat was used. The EIS data were collected at frequencies
starting from 1 x 10* Hz and ending at 0.1 Hz. The applied AC
voltage was modulated using a sine wave with an amplitude of

10 mV.

3. Results and discussion

Nanostructured pristine and iron-incorporated nickel
hydroxide electrocatalysts were deposited on FTO-coated glass
substrates using a facile solution-based chemical deposition
method at a relatively low temperature of 95 °C. The deposition
bath contained iron and/or nickel metal salts and HMTA. This
method depends on a universal thermodynamic model that
depends on lowering the water-metal oxide nanocrystals’
interfacial tension, which allows the control of nucleation,
crystal growth, and aging processes.*>** The aqueous hydrolysis

This journal is © The Royal Society of Chemistry 2023
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of HMTA at a temperature higher than 95 °C induces the in situ
generation of NH,OH, thus increasing the pH and the nucle-
ation of insoluble metal hydroxide nanocrystals.** At the same
time, raising the pH to a value above the pH at the point of zero
charges (pHpyc) leads to the surface charging of the formed
pristine and/or iron-incorporated nickel hydroxide nano-
crystals. This occurs by the desorption of protons from the
surface hydroxyl groups and consequently reduces the interfa-
cial tension between the nanocrystals and the solution. Thus,
thermodynamically stable pristine and/or iron-incorporated
nickel hydroxide nanocrystals can be obtained. As a result, the
ripening process is considerably lowered; hence the ripening
(particle growth) and the phase (and eventual morphological)
transformation processes are greatly avoided. Under this
condition, if the interfacial energy between the pristine nickel
hydroxide or the iron-incorporated nickel hydroxide nano-
crystals and the FTO substrate immersed in the solution is less
than the interfacial energy at the interface between the nano-
crystals and the solution, nucleation and film formation on the
FTO substrate will take place at a lower saturation ratio before
the formation of big particles and precipitate in the solution.
Indeed, the immersion of FTO substrates in a chemical bath
containing 1.0 mmol of nickel acetate and iron chloride (with
different ratios) and 1.0 mmol of HMT in 4 mL water leads to
the nucleation of hydroxide nanocrystal films onto the FTO
substrates. The characterization of the grown film by SEM
indicated that the iron-incorporated nickel hydroxide film
(FeNi-10) has a spongy morphology with nanoplatelets deco-
rating the surface (Fig. 1a). In the absence of iron, an obvious
change in morphology was observed. As shown in Fig. 1b, the
nickel hydroxide film (FeNi-0) prepared in the absence of iron
has a larger platelet size, and a condensed film with pores
between the collapsed platelets is observed. This indicates that
incorporated Fe into the nickel hydroxide nanocrystal decreases
the deposition rate and thin-film growth, as confirmed by the
film thickness analysis.

As a result of the difference in the solubility of iron and
nickel hydroxides and the variation in iron and nickel concen-
trations during the deposition step, it is highly expected that the
iron/nickel ratio in the grown films is not the same as that in the
solution-based chemical deposition bath. Thus, the real
concentrations of iron and nickel in the fabricated

Fig.1 SEM images of (a) iron-incorporated nickel hydroxide (FeNi-10)
and (b) pristine nickel hydroxide (FeNi-0) films.

Sustainable Energy Fuels, 2023, 7, 3025-3033 | 3027
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Fig. 2 XPS core-level spectra of (a) Fe 2p and (b) Ni 2p in iron-
incorporated nickel hydroxide (FeNi-10) film.

electrocatalyst electrodes were determined by ICP-OES, and the
data analysis is presented in Table 1. It was found that the
concentration of iron in the grown films is higher than that
expected from the iron concentration in the chemical bath. This
observation is similar to that found for the electrochemically
deposited iron-incorporated nickel hydroxide films; however,
the iron concentrations in the electrochemically deposited films
were less than expected.”” The most electrochemically active
film (i.e., FeNi-10) was characterized by XPS. Fig. 2a shows the
deconvoluted XPS peaks of Fe 2ps, and Fe 2p,, core levels
positioned at 710.2 and 723.2 eV, respectively. These two peaks
can be readily detected and they are separated from the peak of
Sn 2p (originating from the F-SnO, on the conductive glass).*®
They are also separated by a split spin-orbit component of
13.0 eV evincing the existence of Fe in the +3 oxidation state in
the form of hydroxide. Fig. 2b displays the typical XPS spectrum
of the Ni 2p core level in the hydroxide form. It has two peaks,
one is positioned at 855.3 eV for Ni 2p3/,, and the other peak
located at 872.6 eV is for Ni 2p,,, and they are separated by
a split spin-orbit component of 17.3 eV indicating the presence
of Ni in the +2 oxidation state.*®

To assess the electrocatalytic performance of the fabricated
electrodes toward the OER in an alkaline medium, the LSV
polarization curves were measured and are presented in Fig. 3.
It was noticed that, with increasing the ratio of iron in the
chemical deposition bath, the obtained electrocatalyst exhibi-
ted increased electrocatalytic OER activity up to 10 at% Fe. At
higher Fe concentrations, the electrocatalytic activity is dimin-
ished. This trend agrees with the behavior reported for NiFe-
based oxyhydroxide electrocatalyst films deposited by electro-
chemical deposition techniques.***” It was commonly observed
that the presence of iron in the chemical bath greatly influences
the activity and reduces the onset potential for the water
oxidation reaction. For a clear comparison, the OER over-
potential at 10 mA cm ™2 for the prepared electrocatalyst elec-
trodes was measured and is presented in Table 1.

It was noticed that the OER overpotential on the pristine
nickel hydroxide electrocatalyst at 10 mA cm ™2 is 384 mV. Then,
it gradually decreases as the content of iron in the chemical
deposition bath increases up to 10 at%. Interestingly, the OER
overpotential is significantly reduced, reaching 290 mV over the
FeNi-10 electrocatalyst. This value is among the lowest reported
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Fig.3 LSV curves for pristine nickel hydroxide (FeNi-0), iron hydroxide
(FeNi-100), and iron-incorporated nickel hydroxide electrodes
measured in an alkaline medium (1.0 M NaOH) without iR-compen-
sation and at a scan rate of 5mV s,

values for the oxygen evolution electrocatalyst deposited on
plane surfaces such as FTO glass.*>*® For a more detailed
comparison, the electrochemical and kinetics parameters for
the OER in an alkaline medium on some state-of-the-art FeNi-
based (oxy)hydroxide catalysts immobilized on flat substrates
are presented in Table 1. At higher iron content in the chemical
bath, the deposited iron-incorporated nickel hydroxide film
showed higher overpotential for water oxidation. This is
attributed to the fact that the solubility of iron in the nickel
oxyhydroxides is confined in the range from 11 to 25%,*"** and
thus at high iron concentration, iron begins to separate into less
electrocatalytic active iron oxyhydroxide and/or iron hydroxide
domains. As a result, the OER efficiency of the electrodes with
high iron content is reduced and the OER overpotential is
increased.

The cyclic voltammogram (CV) of the FeNi-0 electrode pre-
sented in the inset of Fig. 3 exhibits the characteristic peaks of
the a-Ni(OH),/y-NiOOH redox couple centered at ca. 1.35 Vgyg.
The same peaks can also be seen in the FeNi-10 cyclic voltam-
mogram, but their area is smaller and they are anodically
shifted. This behavior agrees with the previous report by Louie
and Bell.* By integrating the CV peaks of the o-Ni(OH),/y-
NiOOH redox couple, the thickness of the effective electro-
catalyst film can be calculated assuming 1 e~ per Ni atom, and
the density of nickel hydroxide is 4.1 g cm™>. It was found that
the effective film thickness is 4 nm. The thickness of the
deposited nickel hydroxide film was also calculated from the
ICP-OES data. The areal loading was first calculated and found
to be 176 ug cm >, Assuming the deposited nickel hydroxide
film exhibits a smooth and homogeneous surface and by
knowing the density and molecular weight of nickel hydroxide,
the thickness of the deposited nickel hydroxide (NiFe-0) film
was calculated and found to be 430 nm. The areal loading of

iron-incorporated nickel hydroxide (FeNi-10) was also

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Transmittance spectra of the FTO substrate, pristine nickel
hydroxide (FeNi-0), and iron-incorporated nickel hydroxide (FeNi-10)
films deposited on FTO glass.

determined to be 37 ug cm 2 and the thickness of the deposited
FeNi-10 was calculated in the same manner and found to be
95 nm. Interestingly, the FeNi-10 film is transparent, and it has
more or less equivalent transparency to that of FTO, as shown in
Fig. 4. The transmittance is significantly reduced when pristine
nickel hydroxide is deposited in agreement with the calculated
film thickness. The fabrication of transparent and highly active
electrocatalyst film is desirable for tandem photo-
electrochemical water-splitting devices to minimize the light
absorption by the electrocatalyst loaded on the surface of the
photoelectrode.*

To gain a further understanding of the pathways and the
rate-determining step (RDS) of water oxidation reaction over the
fabricated electrodes, the Tafel plots were constructed from the
LSV curves measured at a slow scan rate (1.0 mV s’l) to ensure
the steady-state current condition. The Tafel plots of FeNi-0 and
FeNi-10 electrocatalyst electrodes are presented in Fig. 5 as an
example. The linear parts of the plots were fitted using the
linear regression method. By comparison with the Tafel equa-
tion (n = a + b x log(y)), the Tafel slope (b) is obtained from the
linear regression fitting parameters and presented in Table 1.
The Tafel slope of the pristine nickel hydroxide electrocatalyst
electrode (FeNi-0) was found to be 70 mV dec ™. In general, the
Tafel slope can be used to differentiate between different reac-
tion pathways and define the RDS. The experimental Tafel slope
is given by the following equation b = 2.303 x (RT/daF) where R,
T, and F have their general meaning (i.e., gas constant,
temperature, and Faraday constant, respectively),” whereas the
transfer coefficient (@) is expressed by a = (7i/v) + n, where 7i is
the number of transferred electrons before the RDS, v is the
stoichiometric number, 7, is the number of electrons involved
in the RDS, and § is the symmetry factor. If the RDS includes
a chemical step after the first electron transfer, it is reasonable
to set n, = 0 and 7i = 1. Assuming the stoichiometric number of
the first electron transfer elementary step is one, a Tafel slope
value of 60 mV dec ™" can be calculated. This value is close to the
obtained Tafel slope value (70 mV dec ') for the FeNi-

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Tafel plots of pristine nickel hydroxide (FeNi-0) and iron-
incorporated nickel hydroxide (FeNi-10) electrocatalysts measured in
an alkaline medium (1.0 M NaOH) at 1.0 mV s~ scan rate.

0 electrode, suggesting that the mechanism of the OER on
this electrode includes a chemical transformation step, more
likely a Ni(OH),/NiOOH step, as the RDS step following the first
electron transfer.>® The incorporation of iron into the nickel
hydroxide electrocatalyst resulted in a gradual decrease in the
Tafel slope values from 70 mV dec ™" for FeNi-0 to 37 mV dec ™"
for the FeNi-20 electrode. This trend agrees well with the
observed reduction in the OER overpotentials at 10 mA cm ™2,
extracted from the LSV voltammograms, presented in Table 1,
and it can be explained based on the microkinetic analysis
model by Shinagawa et al.** This model predicted that in the
early stage of the OER if the surface adsorbed intermediates are
predominant, the Tafel slope will decrease. The mechanistic
study by Friebel et al.>* indicated that the intermediates formed
during the OER are adsorbed too weakly on the pristine nickel
oxyhydroxide electrocatalyst, while they adsorbed too strongly
on the pure iron oxyhydroxide electrocatalyst. The optimal
binding energies for the OER intermediates were found to occur
at the iron sites that are surrounded by Ni and the RDS is the
step that involves the formation of the OOH intermediate.*®
Based on this analysis model, it is reasonable to conclude here
that the observed decrease in the Tafel slope upon the incor-
poration of iron into the nickel hydroxide films is attributed to
the formation of surface-adsorbed OER intermediates with
optimized binding energy. The inclusion of Fe*" into the
NiOOH lattice creates nearly optimal adsorption energies for
the OER intermediates on iron sites and facilitates the forma-
tion of the O-O bond.**?*¢ It also induces the rearrangement of
the electron distribution between Ni and O and increases the Ni
reducibility, thus improving the OER rate.>” Thus it is reason-
able to assume that the Ni sites are the actual active sites for the
OER and the incorporation of Fe** ions into nickel hydroxide
creates optimal binding energy for the intermediates.

To further explore the influence of iron incorporation into
the nickel hydroxide films on the rate of the OER, the

Sustainable Energy Fuels, 2023, 7, 3025-3033 | 3029
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intermediates’ formation resistance and charge transfer resis-
tance have been evaluated using the electrochemical imped-
ance spectroscopy (EIS) technique. The Nyquist plots of the
fabricated electrodes were measured and are presented in
Fig. 6a. A significant decrease in the size of the semi-circle was
observed upon the incorporation of iron into the nickel
hydroxide electrocatalyst film. This trend agrees with the
decreased OER overpotential observed in the polarization
curves presented in Fig. 3 and the reported values tabulated in
Table 1. The smallest semi-circle was observed for the FeNi-10
electrocatalyst. In general, the small semi-circle is an indica-
tion of the high conductivity of the electrode, the low resistance
for the formation of the intermediates, and the facile charge
transfer at the electrode/electrolyte interface. For more details,
the Nyquist plots presented in Fig. 6 were fitted using the Nova
Autolab software using the equivalent circuit (EC) given in
Fig. 6b which is commonly employed to model the OER during
the fitting procedure.*>>*

The CgimRam loop in this EC represents the dielectric
properties and the resistivity of the electrocatalyst film. The Cq;
and R, elements symbolize the double-layer capacitance and
electrolyte resistance, respectively. The R, element is the
polarization resistance which is the resistance associated with
the overall charge transfer of the different steps of the OER
including the RDS, while R, represents the resistance associated
with the formation of the OER intermediates. Cy, is the capaci-
tance associated with the catalyst active sites where the OER

(a) 150

FeNi-0
FeNi-1
FeNi-5
FeNi-10
FeNi-20

¢4 heon

0 50 100 150 200
z./Q

Ca Cfilm

Fig. 6 (a) Nyquist plots for pristine and iron-incorporated nickel
hydroxide films measured at 1.52 V vs. RHE in an alkaline medium
(1.0 M NaOH) and (b) equivalent circuit employed for fitting the Nyquist
plots.
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Fig. 7 (a) Intermediates’ formation resistance (Rs) and (b) the faradaic
resistance (Rrar = Rs + Rp) for pristine and iron-incorporated nickel
hydroxide electrodes calculated by fitting the Nyquist plots presented
in Fig. 6a with the EC in Fig. 6b.

takes place. The R;C,, loop represents thus the time constant of
the relaxation of charge associated with the formation of
surface intermediates, while R, together with R, represents the
resistance of the faradaic electrocatalytic OER (Rpar = Rs + Rp,).
Fig. 7a and b show the values of Ry and Rg,, resulting from the
fitting of Nyquist plots to the EC displayed in Fig. 6b. It was
noticed that with increasing the ratio of iron in the electro-
catalyst films, the magnitude of Ry and Rg,, decreased with
a minimum value observed for the FeNi-10 electrode. This
behaviour agrees with the electrocatalytic activity observed in
Fig. 3. The high R, value of the pristine nickel hydroxide (FeNi-0)
electrocatalyst reveals that the formation of OER intermediates
is unfavorable, which complies with the report that the OER
intermediates are adsorbed too weakly on the pristine nickel
oxyhydroxide electrocatalyst.®® It seems that the incorporation
of iron into the nickel hydroxide films indeed reduces the R;
and creates optimal adsorption energies for the formation of
0-0 intermediates.****** It increases the Ni reducibility, thus
improving the OER activity.”” The slight increase of the R value
observed at a higher iron concentration (FeNi-20) might be
attributed to the segregation of iron active sites into less active
FeOOH domains. It also decreases the overall charge transfer
resistance for the OER, as can be concluded from the Rg,, values
presented in Fig. 7b.

To test the mass transport properties of the inward OH™
diffusion and the oxygen bubble removal on the most active
iron-incorporated nickel hydroxide electrocatalyst electrode
(NiFe-10), the multi-step chronopotentiometric curve was
measured and is presented in Fig. 8a. The starting current was
adjusted to be 10 mA cm > and increased by the same value
every 600 s. Immediately after applying the current for the first
step, the potential increased, even reaching 1.52 Vygg, and
continued smoothly for the rest of the 600 s. Analogous
behaviors were seen for all steps of the applied current up to 80
mA cm 2, evincing that the FeNi-10 exhibits outstanding mass
transport  properties.®® The fast chronopotentiometric
responses further indicate the good conductivity and adhesion
of the FeNi-10 electrode. The stability of the FeNi-10 electrode
was further investigated for a longer time (see Fig. 8b). It was

observed that the potential required to deliver 10 mA cm ™2 is

This journal is © The Royal Society of Chemistry 2023
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(a) Multi-current chronopotentiometry plot of the iron-incorporated nickel hydroxide electrode (FeNi-10) measured in 1.0 M NaOH at

different current densities for 600 s and (b) stability chronopotentiometric curve for the FeNi-10 electrode measured in an alkaline medium at

a current density of 10 mA cm 2.

stable and fluctuates within a very small voltage range evincing
the stability of the synthesized transparent electrode. The
composition and areal loading after the stability test were
tested. It was found that the latter is 35 ug cm ™ which is almost
the same as before the test (37 pg cm™?), further evincing the
stability of the electrode. The composition analysis indicated
that the iron content has increased, likely due to the iron uptake
from the electrolyte solution (iron in NaOH electrolyte) as
previously observed.**

4. Conclusions

In summary, we demonstrated a facile and low-temperature
solution-based synthetic route for fabricating transparent
iron-incorporated nickel hydroxide electrodes with efficient
electrocatalytic activity for water oxidation. The developed
synthetic route depends on lowering the water-iron/nickel
hydroxide nanocrystals' interfacial tension. This allows the
control of the nucleation, growth, and ripening processes.
Based on this approach and using hexamethylenetetramine as
a reagent for in situ raising the pH of the chemical bath at
a relatively low temperature (90 °C), iron-incorporated nickel
hydroxide nanoplatelet films with different ratios of iron
content were synthesized. The successful incorporation of iron
into this unique nanostructured nickel hydroxide electro-
catalyst film leads to a steady and stable current generation at
low overpotential (i.e., 10 mA cm™> at 290 mV). The Tafel slope
of the most active and fully transparent iron-incorporated
nickel hydroxide electrode was found to be 41 mV dec . The
achieved values for the overpotential and Tafel slope are among
the lowest ones reported for OER electrocatalysts. They are even
better than those reported for RuO, and IrO, oxides immobi-
lized on the FTO substrate. The small overpotential and the low
Tafel slope observed on the iron-incorporated nickel hydroxide
films are attributed to the reduced resistance for the formation
of surface-adsorbed OER intermediates and the improved
conductivity of the electrocatalyst films, as confirmed by the EIS

This journal is © The Royal Society of Chemistry 2023

analysis. The developed electrocatalyst films are fully trans-
parent and have potential application in fabricating a tandem
device for photoelectrochemical water splitting.
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