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ABSTRACT: Developing highly efficient and less-expensive electrocatalysts toward the oxygen evolution reaction (OER) is an
ongoing effort for sustainable energy generation and faces great challenges in achieving more effective and renewable energy
conversion systems. Herein, we report the synthesis of Ni-doped Fe2O3 (denoted as Ni−Fe2O3) nanoclews as a highly efficient
electrocatalyst via a facile light-assisted solution chemistry route without employing any template. Ni−Fe2O3 nanoclews
demonstrate superior electrocatalytic activity toward OER with a low overpotential of 277 mV at current density of 10 mA cm−2

and small Tafel slope of 68 mV dec−1, accompanied by their excellent durability. Outstanding OER activity with long-standing
structural and morphological stability of the nanoclews has been achieved by virtue of their clew-like morphology, comprising
tiny nanorods with uniform distribution of constituent elements. Their unique structural features provide more exposed
catalytically active sites, and the atomic-scale synergistic effect aroused from Fe and Ni contributes to improved intrinsic
catalytic activity of Ni−Fe2O3 nanoclews.
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■ INTRODUCTION

Never-ending energy demands provoke researchers to search
for production of clean and renewable energy via water
splitting as a substitute for fossil fuels, resulting in a challenging
pursuit and subsequent design of efficient and renewable
energy conversion systems.1,2 However, to date, the fabrication
of promising water-splitting systems is limited from practical
use because of the sluggish kinetics of the anodic oxygen
evolution reaction (OER) that proceeds via a multistep four-
proton-coupled electron-transfer procedure.2−4 There is a
pressing need for an effective electrocatalyst that diminishes
the overpotential, which in turn overcomes the kinetic barrier
and accelerates the OER reaction. Currently, the most active
and widely used OER catalysts are RuO2 and IrO2, but their
large-scale application is restricted because of the high cost,
scarcity, and poor stability in alkali electrolytes in which they
oxidized to IrO3 and RuO4, respectively, and finally dissolved
in solution.1,5,6

Over recent years, extensive efforts have been put forward to
pursue and design noble-metal-free durable and low-cost OER

catalysts as alternatives, including transition metals,7−9 metal
oxides,2,10−12 phosphides,13−15 layered double hydrox-
ides,16−18 metal dichalcogenides,19−21 heteroatom-doped
carbon matrix,22−25 and so on. Among the numerous catalysts,
transition-metal oxides are one of the important classes of
materials that possess different oxidation states and coordina-
tion environments,26−28 resulting in tunable electrocatalytic
OER activity together with long-term stability in alkaline
conditions. Iron-based oxides are fascinating materials with
both fundamental and technological relevance. They have
triggered considerable attention from researchers on account
of their intriguing properties, abundance in earth, environ-
mental friendliness, easy preparation, controllable morphology,
and superb stability.29−31 Although extensive research work has
been performed on the synthesis of numerous iron oxide
nanostructures, their application is limited by tedious and
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expensive synthetic procedures. Thus, their widespread
application in the various fields has yet to be achieved.
Alternatively, iron oxide nanomaterials synthesized through a
light-driven solution chemistry approach may be an attractive
method because it is cost-effective, producible on a large scale,
and mostly easy to prepare.
However, OER activity of pure iron oxide-based catalysts

falls short of the expectation as these catalysts demonstrate
poor conductivity32−34 and thus need further improvement.
Innovation of materials with new chemical compositions
always becomes a fascinating focus in cutting edge research
in materials science, but tuning of the electronic structure of
developed materials is another way to alter their chemico-
physical properties for optimization of their catalytic activities.
Interestingly, doping is an effective and profound way to
improve the OER activity of catalysts,35−37 most probably
because of the change in their electronic structure along with
improved electrical conductivity upon inclusion of dopants in
catalysts.
Herein, we report the synthesis of α-Fe2O3 nanoclews using

a simple light-driven solution chemistry route without using
any template molecule and explore them as an OER

electrocatalyst. To boost the catalytic activity, Ni was doped
in α-Fe2O3 nanoclews, resulting in the formation of Ni−Fe2O3
with analogous morphology. Elemental mapping indicates
uniform distribution of Ni with the basic elements (Fe and O)
throughout the nanoclews, providing more exposed catalytic
active sites as a result of their unique morphology. Outstanding
OER activity with enduring structural and morphological
stability of the Ni−Fe2O3 nanoclews has been demonstrated in
detail and compares well with the present-day OER catalyst.

■ EXPERIMENTAL SECTION
Synthesis of Fe2O3 Nanoclews. Fe2O3 nanoclews were

synthesized on the basis of the following route. First, 1.0 mmol of
iron(III) chloride was dissolved in a glass vial containing 7.0 mL of
Millipore water. Then NaOH solution (3 wt %; 3.0 mL) was added
dropwise into the iron(III) chloride solution and the entire reaction
mixture was stirred well for 10 min. Next, the glass vial was closed
tightly and kept for 24 h under visible light. The reaction temperature
was maintained at 90 °C throughout the reaction. Once the reaction
was completed, the product was collected by centrifugation. To
remove NaOH and unreacted iron(III) chloride, if any, the obtained
product was washed with Millipore water several times. After air-
drying, the product was collected to carry out the experiments.

Figure 1. (A−C) FESEM and (D, E) TEM images of Fe2O3 nanostructures demonstrating the formation of clew-like morphology. (F) HRTEM
image representing the formation of α-Fe2O3. Elemental maps of (G) Fe2O3 exhibiting the homogeneous distribution of (I) Fe and (J) O all over
the nanoclews.
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Synthesis of Ni-Doped Fe2O3 Nanoclews. For the synthesis of
Ni-doped Fe2O3 nanoclews (denoted as Ni−Fe2O3), first Fe2O3

nanoclews (0.1 g) were added into a glass vial containing 0.2 mmol
of nickel(II) chloride dissolved in Millipore water (7.0 mL). Then
NaOH solution (3 wt %; 3.0 mL) was added dropwise into the
aforesaid reaction mixture. In a similar fashion, the glass vial
containing the mixture solution was kept for 24 h under visible
light as mentioned earlier. The product was obtained via
centrifugation after being washed with Millipore water. The product
was dried in air and used to study the OER performance.
Electrochemical Experiment. All electrochemical experiments

were performed in a conventional three-electrode system of an
electrochemical workstation (CHI 660E) at room temperature using
Ag/AgCl (saturated KCl solution) as the reference electrode, Pt wire
as the counter electrode, and glassy carbon (GC) as the working

electrode. All potentials were referenced to the reversible hydrogen
electrode (RHE) by the following equation: E (vs RHE) = E (vs Ag/
AgCl) + 0.197 + 0.059 pH. Typically, 4.0 mg (30 wt % sample in
carbon black) of Fe2O3 nanoclews was dispersed in the mixed solution
containing distilled water (250 μL), isopropanol (250 μL), and
Nafion solution (1%, 20 μL), followed by sonication for at least 60
min to form a homogeneous mixture. The working electrode was then
prepared by drop-casting 20 μL of the mixture solution onto the GC
electrode with a diameter of 3 mm and dried overnight in air. Before
deposition of the catalyst, the GC electrode was polished with 1.0, 0.3,
and 0.05 μm alumina slurry successively and washed several times
with distilled water. The final loading for all catalysts on the GC
electrode is about 0.68 mg cm−2. Linear sweep voltammetry (LSV)
with a scan rate of 5 mV s−1 was conducted in 1.0 M KOH solution.
The electrochemical impedance spectroscopy (EIS) was carried out in

Figure 2. (A,B) FESEM and (C,D) TEM images of Ni−Fe2O3 nanoclews. (E) XRD pattern of α-Fe2O3 and Ni−Fe2O3 nanoclews. (F) STEM
image of Ni−Fe2O3 nanoclews and their corresponding elemental maps, demonstrating homogeneous distribution of Ni with Fe and O.
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the frequency range of 0.1 Hz to 100 kHz with an alternating current
(ac) amplitude of 0.005 V. A similar procedure was followed for the
preparation of working electrode using Ni−Fe2O3 and standard RuO2
catalysts. On the basis of the following equation, overpotential (η)
was calculated for each catalyst: η = E (RHE) − 1.23 V.

■ RESULTS AND DISCUSSION

Synthesis of Fe2O3 and Ni−Fe2O3 Nanoclews. The
synthesis of Fe2O3 nanostructures was carried out through a
light-driven route via decomposition of an aqueous solution of
iron(III) chloride under alkaline conditions. We have then
tuned the local electronic structure of Fe2O3 nanostructures by
incorporation of Ni to enhance their catalytic performance.
The morphology of Fe2O3 nanostructures was characterized by
field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM), presented in Figure
1. The FESEM images demonstrated the formation of clew-like
morphology of Fe2O3 as illustrated in Figure 1A−C. At high
magnification, it was observed that the nanoclews are made up
of assemblies of tiny nanorods, oriented in a panoramic
morphology (Figure 1C). TEM images (Figure 1D,E) also
reveal the formation of clew-like morphology of Fe2O3 with
size of 150 ± 10 nm. The high-resolution TEM (HRTEM)
image presented in Figure 1F specifies well-resolved lattice
fringes with spacing of 0.25 nm owing to the (110) planes of α-
Fe2O3. The X-ray energy dispersive spectrum (EDS) reveals
that the nanoclews are composed of Fe and O only (Figure S1,
Supporting Information). The elemental maps presented in
Figure 1G−J further corroborate the existence of Fe and O all
over the Fe2O3 nanoclews.
To analyze the size and morphology after Ni doping,

FESEM and TEM analyses were performed, shown in Figure 2.
FESEM images of the Ni−Fe2O3 nanoclews (Figure 2A,B)
exhibit their unaltered morphology or size even after Ni
doping. TEM images further ascribed to the formation of clew-
like morphology of Ni−Fe2O3 with no change in their size
(Figure 2C,D). The crystal structure of Fe2O3 nanoclews was
characterized by X-ray diffraction (XRD) study. All the
diffraction peaks (Figure 2E) can be assigned to (012),
(104), (110), (113), (024), and (116) of α-phase of Fe2O3
with a rhombohedral crystal structure (JCPDS No. 33-06664).
XRD pattern further authenticates successful synthesis of α-
Fe2O3 nanoclews, as no signals for iron hydroxides, other
oxides, or impurities were noticed. Interestingly, the XRD
pattern of Ni−Fe2O3 nanoclews is analogous to that of α-
Fe2O3 without the presence of any additional phases for Ni.
Only a shift of reflections to the lower 2θ angles occurs after

doping, suggesting the complete incorporation of Ni atoms
into the Fe2O3 lattice. Fourier transform infrared (FTIR)
spectra indicate the existence of two bands at 3342 and 1643
cm−1 for the stretching and bending vibrations of hydroxyl
groups or water molecules in both α-Fe2O3 and Ni−Fe2O3
nanoclews (Figure S2). Apart from these bands, two distinct
absorption peaks at 574 and 475 cm−1 were observed for the
Fe−O band vibrations of α-Fe2O3,

38,39 which shift to the lower
frequency region to 535 and 463 cm−1, respectively, as a result
of Ni doping into the Fe2O3 lattice, confirming the formation
of Ni−Fe2O3 nanoclews.

39

To directly envision the Ni doping in Fe2O3 nanoclews,
scanning transmission electron microscopy-energy dispersive
spectroscopy (STEM-EDS) elemental mapping was carried
out. STEM image of Ni−Fe2O3 nanoclews is presented in
Figure 2F. The elemental mapping of Ni−Fe2O3 nanoclews
clearly reveals the presence of Ni with Fe and O, where Ni is
homogeneously distributed throughout the nanoclews. Thus,
elemental analysis signifies the uniform doping of Ni within the
entire Fe2O3 nanoclews. Likewise, the EDS spectrum of Ni−
Fe2O3 nanoclews also demonstrates that the nanoclews are
comprised of Fe, O, and Ni (Figure S3). The concentration of
doped Ni in Ni−Fe2O3 was assessed to be 7.22 wt % via
inductively coupled plasma optical emission spectrometry
(ICP-OES) analysis. The elemental composition acquired by
EDS analysis indicated that 7.36 wt % Ni was doped in Ni−
Fe2O3 nanoclews (with an atomic ratio of 1:5.7 for Ni to Fe),
which is in accordance with the ICP-OES analysis.
To gain insight into the elemental compositions of the

surface as well as valence states of Ni−Fe2O3 nanoclews, X-ray
photoelectron spectroscopy (XPS) was carried out (Figure 3).
XPS analysis further confirms the signature of Ni, Fe, and O in
Ni−Fe2O3 nanoclews. In the Ni 2p high-resolution spectrum
(Figure 3A), the main peak at 855.6 eV with a satellite at 861.3
eV was attributed to Ni 2p3/2 and the peak at 873.3 eV with a
satellite at 879.2 eV pointed to Ni 2P1/2, ascribed to distinctive
nickel species, that is, Ni2+ ion.40,41 Likewise, the fine-scanned
Fe 2p spectrum (Figure 3B) indicates the presence of two
peaks for Fe 2p3/2 and Fe 2p1/2 with a binding energy
difference of 13.8 eV (pink line), indicating the presence of
Fe3+. The electron binding energies of Fe 2p3/2 at 709.3 and Fe
2p1/2 at 723.1 eV along with the satellite peaks at 717.7 and
731.1 eV corroborate the signature of Fe3+ as the primary form
existing in the nanoclews.42,43 However, peaks observed at
706.7 and 722.1 eV (blue line) demonstrate the coexistence of
a low concentration of Fe2+. The O 1s spectra were
deconvoluted into four characteristic peaks at 529.4, 530.4,

Figure 3. XPS analysis for Ni−Fe2O3 nanoclews: (A) Ni 2p, (B) Fe 2p, and (C) O 1s region of Ni−Fe2O3 nanoclews.
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531.2, and 531.9 eV, respectively (Figure 3C). The observed
peaks are due to the oxygen atoms bound to iron (529.4 eV),
surface-adsorbed oxygen or hydroxyl groups may be due to
substitution of O atoms by hydroxyl groups (530.4 eV), and
defect sites may be due to low oxygen coordination (531.2 eV)
along with physisorbed/chemisorbed molecular water at the
surface (531.9 eV), respectively.9 All the aforesaid exper-
imental analyses and subsequent collective results ascertain the
successful doping of Ni into α-Fe2O3 nanoclews, resulting in
the formation of Ni−Fe2O3, which may find potential
application in energy storage and conversion because of their
high surface activity.
OER Activity. Transition-metal-based nanoclews comprised

of assemblies of tiny nanorods are expected to hold rich and
tunable electronic properties, fueling fascination and pursuit of
their application as an efficient OER catalyst. The intrinsic
catalytic activity of both pristine Fe2O3 and Ni−Fe2O3
nanoclews was demonstrated in alkaline solutions (1.0 M
KOH) in a standard three-electrode system. The catalytic
behavior of the synthesized materials was tested on deposited
ink (∼0.68 mg cm−2) containing the sample and carbon black
suspended in a mixture of Nafion, isopropanol, and water. To
assess the performance of synthesized catalyst, we measured
the electrocatalytic activity of a standard OER catalyst,
commercial RuO2 on carbon black with similar loading of
∼0.68 mg cm−2.
In the present study, Fe2O3 nanoclews possess moderate

OER efficiency, exhibiting lesser activity than that of
commercial RuO2. Electrocatalytic activity of Fe2O3 nanoclews
was then tuned by Ni doping. However, upon Ni doping on
Fe2O3, Ni−Fe2O3 nanoclews demonstrate much higher OER
activity compared to Fe2O3 and even the commercial RuO2.
The required overpotential to achieve the current density of 10
mA cm−2 (η10) was estimated from linear sweep voltammetry

(LSV) curve (Figure 4A). This is the decisive factor to assess
the OER activity of a catalyst. It was found that Ni−Fe2O3
shows overpotential of 277 mV which is exceptionally low
compared to 440 mV obtained for pristine Fe2O3, whereas it is
360 mV for RuO2 catalyst. Overpotential at different current
densities (η10, η25, and η50) for Ni−Fe2O3, pristine Fe2O3, and
RuO2 is presented in Figure S4 and Table 1. The electro-

chemically active surface area (ECSA), a pivotal factor in
electrochemistry, is related to the activity of a catalyst. ECSA
has been calculated for all the catalysts (Figure S5) on the basis
of scan-rate-dependent cyclic voltammetric experiments using
Randles-Sevcik equation,44 provided in the Supporting
Information.
Likewise, obtaining a smaller Tafel slope is the pressing need

for a catalyst from a practical as well as economical viewpoint.
Tafel slope basically determines the OER kinetics and also
demonstrates the impact of potential on the steady-state
current density. Tafel plot was obtained from η = b log(j/j0),
where η represents the overpotential, b is the Tafel slope, and j
and j0 represent current density and exchange current density,
respectively.45 The Tafel slope shown in Figure 4B was
measured to be 68 mV dec−1 for Ni−Fe2O3, whereas a higher
Tafel slope of 134 mV dec−1 was achieved for Fe2O3. The

Figure 4. Electrochemical activity of Ni−Fe2O3 as compared to that of pristine Fe2O3 nanoclews and RuO2. (A) LSV polarization curves at a scan
rate of 5 mV s−1 and corresponding (B) Tafel plots of Ni−Fe2O3, Fe2O3, and RuO2, respectively. (C) Nyquist plots of OER on Ni−Fe2O3 and
Fe2O3 (ac impedance data were acquired at the potential of 10 mA cm−2). (D) Potentiostatic analysis of Ni−Fe2O3 at an overpotential of η10 for 10
h.

Table 1. Overpotential and Tafel Slope for Ni−Fe2O3,
Fe2O3, and RuO2

overpotential (mV)

catalyst η10 η25 η50 Tafel slope (mV dec−1)

RuO2 360 431 522 96
Fe2O3 440 544 630 134
Ni−Fe2O3 277 311 354 68
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lower Tafel slope of Ni−Fe2O3 even compared to the state-of-
the art RuO2 catalyst (96 mV dec−1), confirming that the
doped structure has enhanced ionic and electronic con-
ductivities which facilitate the catalytic process in a better way,
accrediting Ni−Fe2O3 nanoclews as an efficient electrocatalyst.
To gain insight into the charge-transfer behavior between

the catalyst and electrolyte, electrochemical impedance spec-
troscopy (EIS) was done because charge transfer is an
important feature to evaluate the catalytic property. The EIS
were taken at a potential of 10 mA cm−2 (η10) for all the
catalysts. The Nyquist plot for Fe2O3 and Ni−Fe2O3 is shown
in Figure 4C. Charge-transfer resistance (Rct) was evaluated by
fitting the acquired impedance data to an equivalent circuit
(inset of Figure 4C). In the equivalent circuit, CDL is the
double layer capacitance, whereas Rs and Rct are solution
resistance and charge-transfer resistance, respectively. From
the Nyquist plots, it was observed that Ni−Fe2O3 has the
lowest Rct value compared to Fe2O3, as doped nanoclews bear
the smallest semicircle. Fitting parameters acquired from the
EIS data for all the electrocatalysts are illustrated in Table S1.
The lower Rct of Ni−Fe2O3 (26.5 Ω) compared to that of
pristine Fe2O3 (118 Ω) demonstrates that a high rate of
electron transfer occurred for Ni−Fe2O3, which directly relates
to the OER process. The faster electron transfer is due to the
synergistic effect from the multiple transition metals, resulting
in higher electrocatalytic activity of Ni−Fe2O3 nanoclews.
Overpotential and Tafel slope are summarized for each catalyst
in Table 1.
The stability of the catalysts was further studied at an

overpotential of η10 for 10 h because it is another essential
criterion in developing a promising OER catalyst. An almost
similar current density was noticed even after 10 h (Figure
4D), signifying the outstanding stability and durability of Ni−
Fe2O3 nanoclews under cycling conditions. The LSV curve of
Ni−Fe2O3 after continuous OER for 10 h at 10 mA cm−2

(Figure S6) exhibits a similar onset potential acquired with the
fresh as-deposited catalyst. Apart from the electrochemical
stability of Ni−Fe2O3, FESEM and TEM analyses were also
performed after OER study, which demonstrates that there is
no alteration in their morphology even under the applied
anodic potentials for a prolonged period of time (Figure 5).
Similarly, we have performed XPS analysis on Ni−Fe2O3 after
OER process to demonstrate the chemical change, if any,
shown in Figure S7. XPS spectra of Ni−Fe2O3 nanoclews after

chronoamperometry indicate the presence of Ni2+ along with
new peaks for Ni3+, as shown in Figure S7A, revealing the
formation of NiOOH after OER study.46,47 However, the high-
resolution XPS spectrum of Fe 2p reveals the characteristic
peaks for Fe3+, which is similar to our earlier observation
before electrocatalytic performance, without any alteration of
the binding energy (Figure S7B). The deconvolution of O 1s
spectrum clearly authenticates different oxygen environments
as observed earlier. However, an increase in the intensity of O2
and O4 peaks was seen (Figure S7C) because of surface-
adsorbed oxygen or hydroxyl groups and adsorption of
molecular water, respectively, during the prolonged chro-
noamperometric analysis.48 Because of Ni doping, Ni−Fe2O3
nanoclews demonstrate superb catalytic activity, which is much
better compared to the many previously reported non-noble-
metal-based OER catalysts, as shown in Table S2.
To achieve OER electrocatalysts with excellent perform-

ances, it is imperative to have exposed active sites to the
electrolytes. Because of the unique clew-like morphology, it
provides more exposed catalytic active sites. During the OER
process, an oxidative transformation occurred on the surface of
the nanoclews, resulting in the formation of in situ generated
oxidized species that may be responsible for the high
electrochemical performance. Ni doping in pristine Fe2O3
improves the activity by enhancing conductivity as well as
playing a complementary role during OER. From micro-
structural analysis, it was evident that Ni ions are being
intercalated into the nanoclews, which could effectively transfer
electrons at the electrode−electrolyte interface, leading to
superior OER activity. Again, Ni sites with oxygen vacancies
are believed to be the most effective in reducing the
overpotential during the OER process.34,49 Oxygen vacancies
can upsurge the conductivity of the catalyst by delocalizing
electrons around the vacancies, leading to an easy electron
transfer during OER. Additionally, Ni sites with oxygen
vacancies are expected to be more accessible to the OH−

ions, which in turn assist the oxygen evolution. It is important
to note that the defect sites having low oxygen coordination
are directly associated with the catalyst activity.50 From the
XPS analysis, it was evident that the nanoclews possess defect
sites with low oxygen coordination. These evolved oxygen
defects on the catalyst surfaces function as charge traps and
further assist as an adsorption site, which helps to transfer the
charge to the adsorbed species, which in turn helps to enhance

Figure 5. (A) FESEM and (B) TEM images of Ni−Fe2O3 nanoclews after OER study, representing no alteration of morphology even after
prolonged usage.
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the catalytic activity. Thus, the electrochemical analyses of Ni−
Fe2O3 nanoclews point to the formation of an excellent
electrocatalyst with high OER activity as well as sustainability
under basic medium compared to those of Fe2O3 or even the
state-of-the-art RuO2 catalyst.

■ CONCLUSIONS

In summary, we demonstrated the facile synthesis of Ni−
Fe2O3 nanoclews on the basis of a light-aided solution
chemistry approach through Ni doping in Fe2O3. Exceptional
OER activity with structural and morphological stability of
Ni−Fe2O3 has been achieved by virtue of their clew-like
morphology, comprised of tiny nanorods with uniform
distribution of constituent elements. Such a unique morphol-
ogy provides more exposed active sites, and the atomic-scale
synergistic effect arising from Ni and Fe contributes to a
superior intrinsic catalytic activity of Ni−Fe2O3 nanoclews.
Moreover, Ni sites with oxygen vacancies significantly increase
the number of surface active sites followed by reactivity,
attributed to the excellent catalytic activity of Ni−Fe2O3,
leaving behind most of the reported iron oxide-based or even
state-of-the-art RuO2 electrocatalysts. The present findings not
only provide a general approach to make proficient electro-
catalysts using earth-abundant elements but also point to the
potential benefits of doping in metal oxides, which in turn tune
their energy conversion efficiency.

Materials and characterization techniques; EDS spec-
trum of Fe2O3 nanoclews; FTIR spectra of pristine
Fe2O3 and after Ni doping in α-Fe2O3 nanoclews; EDS
analysis and elemental mapping of Ni−Fe2O3 nano-
clews; overpotential of Ni−Fe2O3, pristine Fe2O3, and
RuO2 at different current densities; ECSA calculation for
the catalysts; XPS analysis after potentiostatic measure-
ments; comparison of OER activity of Ni−Fe2O3
nanoclews with the reported non-noble-metal-based
electrocatalysts (PDF)
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