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Large-scale application of sustainable energy devices urgently requires cost-effective electrocatalysts to

overcome the sluggish kinetics related to the oxygen evolution reaction (OER) under acidic conditions.

Here, we first report the highly efficient electrocatalytic characteristics of a-Fe2O3 nanorings (NRs),

which exhibits prominent OER electrocatalytic activity with lower overpotential of 1.43 V at 10 mA cm�2

and great stability in 1 M HCl, surpassing the start-of-the art Ir/C electrocatalyst. The significantly

optimized OER activity of the a-Fe2O3 NRs mainly attributes to the synergistic effect of the excellent

electrical conductivity and a large effective active surface because of their unique nanoring structure,

disordered surface, and the dynamic stability of a-Fe2O3 NRs in acidic conditions.
Introduction

The oxygen evolution reaction (OER) is of great signicance to
renewable energy storage, conversion and collection systems
including water spilling, rechargeable metal–air batteries.1–3

However, this half-reaction suffers from sluggish kinetics
because it requires high overpotential to propel the four-
electron process.4,5 Exploring high-efficiency, low-cost and
robust durability electrocatalysts is urgently needed to replace
conventional noble-metal materials such as Ir/C and RuO2, as
well as further reducing the overpotential and promoting elec-
trocatalytic activity.6,7 In recent years, 3d transition metal oxides
have become promising electrocatalysts because of their unique
electronic structure, earth-abundance and sufficient
stability.8–13 Specically, a-Fe2O3 (hematite) has been widely
used in photoelectrochemistry because of its optimal band gap
(�0.2 eV), superior corrosion resistance, non-toxicity and
abundant resources.14–17 However, sluggish kinetics seriously
affect its further practical applications in electrocatalysis.18

In the past few years, great strategies, such as introducing
defects, elemental doping, regulating surface orientation,
altering nanostructure and combining with other conductive
substrate, have been devoted to reducing OER overpotential of
electrocatalysts.15,19–22 Particularly, designing electrocatalysts
with specic nanostructures has attracted growing attention as
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they own abundant active sites and great stability.23 Recently,
reports indicate the rapid dissolution occurs for metal oxide
and perovskite-based electrocatalysts during OER process,
which demonstrates that the excellent activity of the electro-
catalyst is inversely correlated with its stability.24–27 Hence, it is
also critical to develop OER electrocatalysts with both high
performance and dynamically stability. In addition, exploring
affordable electrocatalysts for OER at a low pH is urgently
needed to develop inexpensive renewable energy systems,
because the acidic medium provides a fast start-up time and
limited crossover that contributes to the high purity of the
electrocatalysts and reduced resistance loss.28–30

Based on above considerations, we therefore developed
a simple approach to synthesize a-Fe2O3 electrocatalyst with
nanorings (NRs) morphology. As our expected, a-Fe2O3 NRs
featured excellent OER activity with a lower overpotential and
great kinetics, along with outstanding stability in acid electro-
lyte, much better than that of bulk a-Fe2O3 and commercial Ir/
C. This efficient OER electrocatalytic activity of a-Fe2O3 NRsmay
be related to the unique nanoring structure, where a-Fe2O3 NRs
show larger effective electrocatalytic active surface area and
increased electrical conductivity than that of bulk one in acidic
electrolyte.
Experiment
Synthesis of a-Fe2O3 NRs

Ammonium dihydrogen phosphate (MAP; AR; $99.0%), ferric
chloride hexahydrate (FeCl3$6H2O; AR; $99.0%) were
purchased from Sigma-Aldrich. Absolute alcohol was used as
received. The a-Fe2O3 NRs were fabricated by a facile hydro-
thermal method. In brief, aer fully mixing 0.5 M FeCl3 aqueous
solution, 0.02 M MAP aqueous solution and 38.5 mL DI water,
RSC Adv., 2020, 10, 29077–29081 | 29077
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Fig. 1 (a) The XRD pattern of samples. The TEM (b), HRTEM (c) and
EDX mapping images (d) of a-Fe2O3 NRs. The XANES spectra (e) and
corresponding FT EXAFS (f) of Fe K-edge for two samples.
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transferred to 50 mL Teon-lined stainless autoclaves and
stirred evenly, then sealed and reacted at 220 �C for 48 h.
Finally, the resulting products were washed with 1 : 1 volume
ration of alcohol and water, and dried thoroughly at 60 �C to
obtain the red solid powder. For comparison, the bulk a-Fe2O3

was purchased from Aladdin.

Structure characterization

In order to investigate the structure, morphology, and Fe
valence states of a-Fe2O3 NRs and bulk one, we use X-ray
diffraction (XRD) on Philips/X'Pert Pro diffractometer with Cu
Ka radiation, scanning/transmission electron microscopy
(SEM/TEM) on Hitachi S-4800 and Tecnai G2 F30, FEI devices,
as well as X-ray photoelectron spectroscopy (XPS) on Kratos Axis
Ultra system, respectively. Besides, the synchrotron source of
Beijing was used to measure Fe K-edge X-ray absorption near-
edge spectroscopy (XANES) and extended X-ray absorption
ne structure (EXAFS). In addition, the valence states of Fe were
also evaluated by Mössbauer spectroscopy onWissel (Germany).

Electrochemical OER test

All of the electrocatalytic OER tests were carried out on
a CHI660E work station at room temperature under acidic
conditions (1 M HCl), where Ag/AgCl and carbon rod were
selected as reference/counter electrode. To the working elec-
trode (the electrode area is 0.071 cm�2), 5 mg catalyst and 5 mg
carbon black (Vulcan XC72) were dispersed in 50 mL petroleum
ether. Then the 6 mg dried powder, 30 mL Naon-117 solution
with 1470 mL DMF were added into 5 mL container and ultra-
sonication for 2 h. Aerward, the 18 mg fresh ink electrocatalyst
of (carbon black and Fe2O3 materials) was pipetted onto the
stationary glassy carbon electrode with 0.25 mg cm�2. Mean-
while, in order to collect more electrocatalyst to measure XRD,
XPS, TEM and EXAFS of cycled a-Fe2O3 NRs, the fresh ink
electrocatalyst was pipetted onto carbon cloth (1 cm � 2 cm)
with 0.25 mg cm2 to conduct OER CV cycling, LSV and i–t curve.
And the linear sweep voltammetry curves were recorded at
a scan rate of 5 mV s�1. The frequency range selected in the
investigation of electrochemical impedance spectroscopy (EIS)
was 100 kHz to 0.1 Hz. The turnover frequency (TOF) was
evaluated as reported previously.31–33

ERHE ¼ EAg/AgCl + 0.197 + 0.059 � iR.

Results and discussion

Hexagonal hematite (a-Fe2O3) nanorings (NRs) was prepared by
a conventional hydrothermal method.34 Fig. 1a shows XRD
pattern of both a-Fe2O3 and bulk one, where all the diffraction
peaks correspond to the a-Fe2O3 (PDF no. 72-0467). Further,
SEM and TEM were performed to investigate structure and
morphology of those samples, where the results indicate that a-
Fe2O3 presents homogeneous NRs morphology (Fig. 1b, S1 and
S2, ESI†). The length and ring diameter of a-Fe2O3 NRs are
39 nm and 28 nm, respectively (Fig. S3a and b, ESI†). High-
29078 | RSC Adv., 2020, 10, 29077–29081
resolution TEM (HRTEM) image shows that a-Fe2O3 NRs have
clear lattice spacing (0.37 nm, 0.27 nm, 0.25 nm and 0.14 nm)
matches well with the (012), (104), (110) and (300) planes,
respectively (Fig. 1c and S4, ESI†). Meanwhile, Fe and O
elements are uniform distributed in a-Fe2O3 NRs matrix, as
illustrated in energy dispersive X-ray (EDX) mapping images
(Fig. 1d). To further investigate the change in electronic struc-
ture and coordination environment of Fe atoms in both
samples, Fe K-edge XANES and EXAFS were measured. As
shown in Fig. 1e, especially for the pre-edge peak, the intensity
of a-Fe2O3 NRs is signicantly reduced compared to the bulk
one, conrming the higher local O coordination of the Fe atoms
for a-Fe2O3 NRs.35,36 Fig. 1f further displays the corresponding
Fourier transforms (FT) of Fe K-edge EXAFS for two samples,
where the peaks at 1.4�A, 2.5�A, 3.2�A and 4.7�A are attributed to
the Fe–O, Fe–Fe, Fe–O/Fe coordination in a-Fe2O3 NRs.37 It is of
interest that the a-Fe2O3 NRs presents lower intensity than
those of bulk ones, revealing the surface distortion and
decreased structural homogeneity of bulk a-Fe2O3, corre-
sponding to the results of wavelet transform (WT) simulation
with the weaker central intensities for a-Fe2O3 NRs (Fig. S5 and
Table S1, ESI†).

Besides, Fig. 2a presents the XPS results of Fe 2p spectrum,
where the main peaks (726.4 eV, 712.4 eV) are 2p1/2 and 2p3/2 of
Fe3+, respectively. Besides, the minor peaks (723.8 eV, 710.2 eV)
are Fe2+,36 revealing there are some structural dislocation of the
a-Fe2O3 NRs surface. For the O 1s result (Fig. 2b), the three
peaks (O1, O2, O3) correspond to surface adsorbed oxygen,
oxygen vacancy andmetal–oxygen peaks, respectively, where the
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The XPS spectrum of Fe 2p (a) and O 1s (b) for a-Fe2O3 NRs. (c)
The magnetization hysteresis loops of a-Fe2O3 NRs and one. (d) The
Mössbauer spectrum of a-Fe2O3 NRs.

Fig. 3 (a) LSV curves and (b) Tafel slopes of a-Fe2O3 NRs, Ir/C and bulk
one. (c) The EIS plots and Cdl curves (d) of both a-Fe2O3 electro-
catalysts. (e) Fe dissolution of a-Fe2O3 NRs in the electrolyte with the
beginning of OER CV cycling process (electrocatalysts supporting on
glassy carbon electrode). (f) Schematic representation of a-Fe2O3 NRs
dissolution during OER.
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appearance of oxygen vacancy gives rise to the structural
dislocation of the a-Fe2O3 NRs surface. Meanwhile, there is no
oxygen vacancy in bulk a-Fe2O3 sample (Fig. S6, ESI†).
Furthermore,M(H) hysteresis loops of the a-Fe2O3 NRs and bulk
a-Fe2O3 were measured at room temperature to evaluate the
magnetic property. As displayed in Fig. 2c, a-Fe2O3 NRs owns
the saturation magnetization (Ms) of 0.19 emu g�1 and the
coercivity (Hc) of 90 Oe, indicating the unique ferromagnetic
interaction in a-Fe2O3 NRs. On the contrary, the bulk a-Fe2O3

exhibits antiferromagnetic property. These results reect
a magnetic transition of the a-Fe2O3 from antiferromagnetic to
ferromagnetic nature, which mainly ascribed to the structural
dislocation of the a-Fe2O3 NRs surface, in agreement with the
XPS results. Mössbauer spectra and related parameters (Table
S2, ESI†) were also investigated to conrm Fe valence states of
both a-Fe2O3 NRs and bulk one. As displayed in the Fig. 2d and
S7 (ESI),† the tting results demonstrate that the dominated
valence state is Fe3+ in both a-Fe2O3 NRs and bulk one.

The OER activities of a-Fe2O3 NRs, bulk a-Fe2O3 and Ir/C
under acidic media (1 M HCl) were investigated by three-
electrode device. Linear voltammetry scanning (LSV) curves of
all electrocatalysts as exhibited in Fig. 3a and S8 (ESI†), where a-
Fe2O3 NRs shows predominant OER performances with lower
overpotential (1.43 V) than Ir/C (1.48 V) and bulk a-Fe2O3

(1.89 V) at 10 mA cm�2, also the inuence of electrocatalyst free
substrate has been eliminated (Fig. S9, ESI†). Correspondingly,
the Tafel slope values of a-Fe2O3 NRs, Ir/C, and bulk a-Fe2O3 are
138 mV dec�1, 150 mV dec�1, and 350 mV dec�1, respectively,
demonstrating that the a-Fe2O3 NRs owns the excellent intrinsic
OER activity (with the lowest Tafel slope value) in acidic solution
(Table S3, ESI†). In addition, the a-Fe2O3 NRs exhibits increased
electrical conductivity with smaller charge transfer resistance
(Rct, 96 ohm) than bulk one (282 ohm), as illustrated in Fig. 3c.
Moreover, Fig. 3d show the double layer capacitance (Cdl) of
electrocatalysts, which is examined to assess effective
This journal is © The Royal Society of Chemistry 2020
electrochemical active surface area (ECSA). The Cdl value of a-
Fe2O3 NRs is about 7 times larger than that of the bulk one,
indicating the a-Fe2O3 NRs electrocatalyst can expose more
active sites for OER process. A larger TOF value of 2.3 O2 s

�1 at
1.7 V is obtained for the a-Fe2O3 NRs, compared to 1.3 O2 s

�1 for
bulk one (Fig. S10a, ESI†), demonstrating the nanoring
morphology has a great inuence on the OER performances in
a-Fe2O3. Distinctly, a rapid dissolution reaction of the a-Fe2O3

NRs occurs at the beginning of OER process under acidic
condition, as displayed in the inductively coupled plasma mass
spectrometry (ICP-MS) analyses (Fig. 3e), indicating that Fe
atoms on the electrode surface are dynamic. It is of interest that
aer cyclic voltammetry (CV) cycling of 16.6 min, this dissolu-
tion rate reaches its maximum and keeps stable (4.8 mg), cor-
responding to the excellent OER activities as described above,
demonstrating the formation of prominent a-Fe2O3 NRs elec-
trocatalyst with high activity and dynamic stability (Fig. 3f). In
addition, chronoamperometric response and CV cycling test
display that the current loss and overpotential increase negli-
gibly aer 22 h continuous operation (Fig. 4a, S10b and c, ESI†),
further demonstrating the superior OER stability under acidic
condition. Both XRD pattern, TEM image, XPS spectra of Fe 2p,
XANES and FT of Fe K-edge EXAFS of a-Fe2O3 NRs aer long-
time stability test shown in Fig. 4b–d, further exhibit well-
retained crystallinity and electrocatalytic durability. These
analyses conrm that the low-cost a-Fe2O3 NRs can effectively
optimize the OER in acidic medium.
RSC Adv., 2020, 10, 29077–29081 | 29079
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Fig. 4 (a) OER durability evaluation of a-Fe2O3 NRs electrocatalyst
though chronoamperometric response. (b) XRD result (inset: TEM
image) of a-Fe2O3 NRs after OER stability test. (c) Fe 2p spectra and (d)
XANES spectra and EXAFS spectra of Fe K-edge in R-space (inset) of a-
Fe2O3 NRs before and after OER cycling test.
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Conclusions

In summary, we developed uniform a-Fe2O3 NRs as efficient
OER electrocatalyst in acidic conditions with lower over-
potential and robust durability. The promoted performance is
mainly caused by the unique nanoring structure and disordered
surface, which accelerates electron transfer, offers a large active
surface area and great electrical conductivity (based on Tafel
slope, Cdl and EIS results), giving rise to the boosted intrinsic
electrocatalytic activity. This realizable nding provides a facile
strategy to explore new hematite-based electrocatalysts with
excellent performance and great stability for portable energy
storage and conversion system.
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