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ectroscopy reveals the structure
evolution and lattice oxygen reaction pathway
induced by the crystalline–amorphous
heterojunction for water oxidation†
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Feng Ru Fan *a and Zhong-Qun Tian a

One of the most successful approaches for balancing the high stability and activity of water oxidation in

alkaline solutions is to use amorphous and crystalline heterostructures. However, due to the lack of

direct evidence at the molecular level, the nano/micro processes of amorphous and crystalline

heterostructure electrocatalysts, including self-reconstruction and reaction pathways, remain unknown.

Herein, the Leidenfrost effect assisted electrospray approach combined with phase separation was used

for the first time to create amorphous NiOx/crystalline a-Fe2O3 (a-NiOx/a-Fe2O3) nanowire arrays. The

results of in situ Raman spectroscopy demonstrate that with the increase of the potential at the a-NiOx/

a-Fe2O3 interface, a significant accumulation of OH can be observed. Combining with XAS spectra and

DFT calculations, we believe that more OH adsorption on the Ni centers can facilitate Ni2+

deprotonation to achieve the high-valence oxidation of Ni4+ according to HSAB theory (Fe3+ serves as

a strong Lewis acid). This result promotes the electrocatalysts to follow the lattice oxygen activation

mechanism. This work, for the first time, offers direct spectroscopic evidence for deepening the

fundamental understanding of the Lewis acid effect of Fe3+, and reveals the synergistic effect on water

oxidation via the unique amorphous and crystalline heterostructures.
Introduction

It is crucial to develop low-cost and efficient oxygen evolution
reaction (OER) electrocatalysts, due to their key role in the
anodic reaction of various electrocatalytic systems. However,
since the OER is a four-electron transfer process and requires
a large overpotential to surmount its sluggish reaction kinetics,
the electrocatalytic performance is still unsatisfactory. Recently,
Ni/Fe-based compounds are recognized as the most efficient
electrocatalysts in alkaline media to replace the benchmark but
expensive IrO2 and RuO2 for water oxidation. Furthermore,
these electrocatalysts can be categorized as crystalline or
amorphous materials.1 Usually, the amorphous electrocatalyst
shows excellent OER activity, which can be explained by the
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following factors: excellent charge transfer, abundant defects/
dangling bonds and coordinated unsaturated electronic struc-
ture.2 However, the active components are oen thermody-
namically unstable and leach out under OER conditions,
resulting in the decrease of activity.3 To solve this issue, con-
structing a stable amorphous and crystalline boundary to
balance and optimize its stability and activity is a potential
method. Currently, the expected realization of the amorphous–
crystalline boundary is mainly achieved through the shared
edge/shared surface structure of amorphous and crystalline
materials via sophisticated but complex designs.1,4 Therefore,
how to easily and effectively construct crystalline and amor-
phous (named c–a) heterostructures is the main task of current
research.

On the other hand, understanding the mechanism of the
oxygen evolution reaction is crucial for the development of
efficient OER electrocatalysts. Various mechanisms have been
proposed to elucidate the OER process, including the conven-
tional adsorbate evolution mechanism (AEM) and the lattice
oxygen oxidation mechanism (LOM). The LOM of the OER
involves direct O–O coupling that can bypass the highly relevant
intermediate adsorption in the AEM, resulting in better OER
activity.5 Therefore, clearly identifying the reaction pathway of
Chem. Sci., 2022, 13, 5639–5649 | 5639
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the OER, especially at the molecular level, is essential for the
design of electrocatalysts. Moreover, although the reaction
mechanism of mixed Ni–Fe compounds has been extensively
explored through diverse spectroscopic techniques (e.g.,
Mössbauer, XAS and in situ Raman spectroscopy),6–10 the role of
the Ni/Fe-based heterojunction for water oxidation, especially
for the vigorous crystalline–amorphous heterojunction, is still
in its infancy due to the lack of direct spectroscopic evidence,
and the reaction pathway and structure evolution remain
unclear. Moreover, it's well established that Fe3+ species was
regarded as the Lewis acid center to promote the formation of
Ni4+ species through in situ and ex situ X-ray absorption spec-
troscopy,7,11 whereas there was no direct evidence at the
molecular level to elucidate this effect and detailed reaction
process. Therefore, it is necessary to directly reveal the dynamic
evolution and role of the heterojunction for the OER process at
the molecular level under in situ reaction conditions.

In this study, we synthesized a-NiOx/a-Fe2O3 nanowire arrays
via the Leidenfrost effect assisted electrospray method
combined with subsequent phase separation. The a-NiOx/a-
Fe2O3 nanowire arrays can realize complete self-restructuration
evolution and exhibit excellent OER activity: h500 ¼ 290 mV and
long-time operation at ultra-high current densities of 1000 and
1200 mA cm�2 was performed, which is the urgent demand in
alkaline electrolysis. Moreover, the self-reconstruction of elec-
trocatalysts and water oxidation mechanisms were investigated
using chemical probe studies, shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS), XAS, electron para-
magnetic resonance (EPR) spectroscopy and DFT calculations,
and ultra-fast and complete self-reconstruction was achieved,
which beneted from the c–a heterostructures and abundant
oxygen defects. Furthermore, direct spectroscopic evidence
shows that more OH has accumulated at the c–a interface,
which cannot be observed in the sole electrocatalyst. This result
elucidates the Lewis acid effect, that is, Fe3+ at the hetero-
junction acts as a strong Lewis acid to convert Ni2+ to Ni4+

through more OH adsorption, which alters the electrocatalysts
to follow the lattice oxygen activation mechanism (LOM). This
work discloses the synergistic effect of the crystalline–amor-
phous heterojunction on water oxidation.

Results and discussion
Synthesis and structural characterization of a-NiOx/a-Fe2O3

composites

We rst synthesized the a-NiOx/a-Fe2O3 nanowire arrays
through the novel Leidenfrost effect assisted electrospray
method. The nanowire arrays were prepared via the self-
assembly method induced by an electric eld (Fig. 1a). The
detailed synthesis process can be obtained in the ESI† (Fig. S1–
S5 and ESI Discussion†). The nanowire structure can fully
contact the electrolyte, which provides a prerequisite for
complete self-reconstruction.12 The morphology and structure
of the electrocatalyst were characterized by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). As shown in Fig. 1b, the SEM image shows the prepared
uniform nanowire arrays. Furthermore, TEM revealed that the
5640 | Chem. Sci., 2022, 13, 5639–5649
nanowires were assembled from many small nanoparticles
under the action of an electric eld (Fig. 1c and d). As shown in
Fig. 1e, selected area electron diffraction (SAED) shows the
nanocrystalline domains in the samples and exhibits (214),
(110) and (104) crystal planes. It also indicates that the nano-
wires are assembled from nanoparticles. As shown in Fig. 1f, the
c–a heterostructure can be clearly observed, and a-Fe2O3

nanoparticles were surrounded by a-NiOx and the peak at
0.27 nm was attributed to the (104) plane of a-Fe2O3. More
detailed structural information is shown in Fig. S7,† which is
consistent with the SAED result. In addition, the EDX elemental
mapping (Fig. 1g) of prepared samples shows a uniform heter-
ojunction and the element distribution of Ni, Fe, and O.

To unravel the chemical composition and electronic prop-
erties of the electrocatalysts, X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), and Raman and EPR spectros-
copy were performed. As shown in Fig. S7b,† the binding
energies of Ni 2p3/2 and Ni 2p1/2 located at 855.6 eV and 873.8 eV
could be ascribed to Ni2+, alongside shakeup satellites.13 In the
high-resolution Fe 2p spectrum (Fig. S7c†), the two peaks with
binding energies of 712.4 and 725.5 eV are assigned to Fe 2p3/2
and Fe 2p1/2 with two typical satellites, indicating the presence
of Fe3+ belonging to Fe2O3.14 Fig. S7d† shows the magnied XPS
spectrum of O 1s, the peaks of 529.6 eV, 531.4 eV and 533.4 eV
representing the metal oxygen bond (O1) in the lattice, the
oxygen species adsorbed by the oxygen vacancy (O2) and oxygen
adsorbed on the surface (O3), respectively. The oxygen vacancy
of the catalyst can be roughly estimated from the ratio of O2 to
O1.15 It suggests that there are abundant oxygen vacancies in the
electrocatalyst, which is benecial for the rapid reconstruction
of the electrocatalysts. The subsequent OER catalytic activity
tests further veried that the catalyst with a Ni/Fe ratio of 3 : 1
(Ni3Fe1) presented the best performance. Therefore, we mainly
focus on the catalysts with Ni3Fe1 in the following discussion,
unless specied otherwise.

Furthermore, to obtain further evidence for structural de-
ciencies, EPR spectra of samples with different ratios were
recorded. As shown in Fig. S7e,† the electrocatalyst with a Ni/Fe
ratio of 3 : 1 shows the highest signal intensity compared with
other Ni/Fe ratios with a g value of 2.003 (1 : 1 and 1 : 3, referred
as Ni1Fe1 and Ni1Fe3, respectively), suggesting that there are
more oxygen defects. Nevertheless, the coordination environ-
ment of the oxygen vacancy can exist in two kinds of defect
coordination: Ni–Ov or Fe–Ov. In order to clarify the coordina-
tion environment of oxygen vacancies, we analysed the structure
of the electrocatalyst by Raman spectroscopy. As shown in
Fig. 1h, the Raman peaks at 204 cm�1, 287 cm�1 and 326 cm�1

belong to the vibration peaks of A1g and E2g in a-Fe2O3,
respectively.16,17 The peaks at 481 cm�1, 565 cm�1 and 692 cm�1

belong to the vibration peaks of NiO.16,18 Specically, the Raman
peak at 481 cm�1 represents the vibration peak of NiO defects,
indicating that there are abundant oxygen defects in amor-
phous NiO. This result is also consistent with the EPR
measurement. Therefore, we speculate that the coordination
defect environment of oxygen vacancies exists in NiO rather
than a-Fe2O3. XRD was used to analyse the crystal structure of
the electrocatalysts. The electrocatalysts with different Ni/Fe
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 (a) Schematic illustration of the Leidenfrost effect assisted electrospray method. (b) SEM image of a-NiOx/a-Fe2O3 on carbon paper. (c)
and (d) TEM images of a-NiOx/a-Fe2O3. SAED pattern (e), HRTEM image (f), and elemental maps (g) of a-NiOx/a-Fe2O3. (h) Raman spectra of a-
NiOx/a-Fe2O3.
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ratios all exhibit the same diffraction peak of a-Fe2O3, whereas
no obvious diffraction peak of NiO was observed (Fig. S7f†).
Based on the above analysis, we conclude that the amorphous
(NiOx)–crystalline (a-Fe2O3) heterojunction electrocatalysts with
abundant oxygen vacancies have been successfully prepared
through the Leidenfrost effect assisted electrospray method.
Electrocatalytic properties of a-NiOx/a-Fe2O3 nanocomposites

Fig. 2a displays the linear sweep voltammogram (LSV) polari-
zation curves of various electrocatalysts, clearly showing that
our a-NiOx/a-Fe2O3 signicantly outperforms the benchmark
RuO2 catalyst (Fig. S8†). An overpotential of 260 mV is required
for Ni1Fe3 to achieve a current density of 100 mA cm�2, which
further decreases to 250 and 230 mV for Ni1Fe1 and Ni3Fe1 in
1 M KOH (pH z 13.7), respectively. It is noteworthy that Ni3Fe1
only needs the overpotentials of 290 and 338 mV to achieve the
large current densities of 500 and 1000 mA cm�2, respectively,
exhibiting its superiority as a potential OER electrocatalyst
candidate in practical applications (Fig. 2b). To probe reaction
kinetics, the Tafel plots of various electrocatalysts were calcu-
lated, as depicted in Fig. 2c. The Tafel slope of Ni1Fe3 is deter-
mined to be 92 mV dec�1, which considerably decreases to
© 2022 The Author(s). Published by the Royal Society of Chemistry
79 mV dec�1 and 72 mV dec�1 for Ni1Fe1 and Ni3Fe1, respec-
tively. Moreover, EPR spectra of different Ni/Fe ratios have been
recorded to investigate the effect of defects on the electro-
catalysts (Fig. S7e†), and the peak intensity of oxygen defects
gradually weakens as the content of NiOx decreases. Therefore,
more active sites may be there in amorphous NiOx and the
decreased Tafel slopes imply that oxygen defects can accelerate
the reaction kinetics and the probable change of the rate-
limiting step (RLS). To clarify the origin of the very high
currents measured, we performed CV for double layer capaci-
tance measurements to investigate the surface area effects of
the different samples (Ni3Fe1, Ni1Fe1 and Ni1Fe3). As shown in
Fig. S9,† aer OER activation, the different samples exhibit
different Cdl values. Ni3Fe1 shows the largest Cdl of about 10.88
mF cm�2, which indicates more active sites in Ni3Fe1 electro-
catalysts. Moreover, Ni1Fe1 and Ni1Fe3 also exhibit a large Cdl of
about 5.78 mF cm�2 and 3.61 mF cm�2, respectively. These
large Cdl values can facilitate the realization of high currents.

Electrochemical impedance spectroscopy (EIS) is an impor-
tant tool as it can be used to study the electrochemical behavior
of the interface between the electrocatalyst and the electrolyte,
and provides meaningful information regarding the composi-
tion. To understand the electrochemical behavior of a-NiOx/a-
Chem. Sci., 2022, 13, 5639–5649 | 5641



Fig. 2 (a) LSV curves for OERmeasured on the different ratio samples at 5mV s�1. (b) Overpotentials required to achieve current densities of 200,
500, 800 and 1000mA cm�2 for the Ni3Fe1. (c) Tafel slopes derived from LSV curves. (d) EIS Nyquist plots of different ratio samples, measured at
the 1.5 V vs. RHE. (e) Long-term stability tests at the constant potential. (f) Comprehensive comparisons of the OER performance of a-NiOx/a-
Fe2O3 (Ni3Fe1) with those reported state-of-the-art catalysts in literature. Purple line: alloy/NiFe oxide; blue line: NiFe hydroxide; orange line:
NiFe heterojunction electrocatalysts. From left to right: the largest test current; the overpotential @100mA cm�2; current density for stability test.
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Fe2O3, an equivalent circuit was proposed (the inset of Fig. 2d).
The EIS tting results of Ni3Fe1 are shown in Fig. S10† and the
corresponding element values are shown in Table S1.† The rst
semicircle in the high-frequency range (e.g. 3500 Hz) represents
the space charge layer (Cbulk), and the c–a interface components
(Cc–a interface and R3) are associated with the impedance spectra
for the low-frequency region (e.g. 18 Hz).4,19 The interfacial
impedance dominates in charge transfer, which underscores
the signicant role of the c–a interface in boosting the OER
activity. Notably, the Ni3Fe1 electrocatalyst shows the minimum
interface resistance. Furthermore, the OER stability measure-
ment was performed to test the stability performance of the c–
a heterostructure for water oxidation. As shown in Fig. 2e, the
electrocatalysts exhibit robust stability at large current densities
of 1000 mA cm�2 and 1200 mA cm�2 for 25 h of continuous
electrolysis, implying that the c–a heterojunction caused by
5642 | Chem. Sci., 2022, 13, 5639–5649
phase separation is a promising way to endow electrocatalysts
with excellent OER stabilities. In addition, as shown in Fig. 2f,
the OER activity of Ni3Fe1 in terms of the largest test current
density, overpotential at 100 mA cm�2 and stability test are
superior to those of most reported and state-of-the-art NiFe-
based OER electrocatalysts in 1 M KOH, more information
can be obtained in Table S2.†
Spectroscopy characterization and electrochemical
technologies for exploring the electrocatalyst reconstruction

OER electrocatalysts usually undergo dynamic self-
reconstruction under the conditions of the oxidation current,
and the actual active catalytic species are formed in situ on the
surface of the precatalysts.20–22 Therefore, the actual OER activity
of the electrocatalyst is determined by the reaction rate and the
extent of self-reconstruction.23 In order to deepen the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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understanding of the reconstruction reaction of the prepared
catalysts, the electrochemical measurements and in situ elec-
trochemical Raman spectroscopy were performed to evaluate
the surface evolution. As shown in Fig. 3a, the electrocatalysts
with different Ni/Fe ratios were activated by cyclic voltammetry.
Compared with Ni1Fe1 and Ni1Fe3, Ni3Fe1 not only shows
a faster reconstruction rate, but also needs only 10 cycles to
realize the whole self-reconstruction process. At the same time,
the potential of the reduction peak is further reduced from
0.32 V to 0.30 V. Correspondingly, the LSV curves (Fig. 3b) reveal
that the Ni3Fe1 electrocatalyst also exhibits a lower oxidation
potential of 1.35 V at a higher oxidation current density, sug-
gesting faster reaction kinetics. It's crucial to understand the
reasons for shiing of the Ni redox peak: the electronic effects
(in the presence of Fe) or the concentration effect (nickel in the
sample). We compare the LSV curves of different electro-
catalysts. As shown in Fig. S11,† the oxidation peak of Ni shis
negatively with increasing NiFe ratio. However, Ni3Fe1 exhibits
almost the same oxidation peak positions as a-NiOx although
the concentration of nickel in a-NiOx is more than that of
Ni3Fe1. This indicates that the electronic effects (the presence of
Fe) can also shi the Ni redox peak to a lower potential.
Fig. 3 (a) The evolution of CV curves for Ni1Fe1, Ni1Fe3 and Ni3Fe1 in 1 M K
electrooxidation range at 5mV s�1. (c) In situ Raman spectroscopymeasu
nickel K-edge XANES spectra and EXAFS k2c(k) Fourier transform (FT) s
references. (f) WT for the k2-weighted EXAFS signals of Ni foil, NiO, Ni2O

© 2022 The Author(s). Published by the Royal Society of Chemistry
Therefore, we believe that both electronic effects and the
concentration effect (nickel in the sample) can shi the Ni redox
peak. Moreover, as the potential increases, the current density
of a-NiOx decreases, whereas that of the NiFe based electro-
catalysts stays at or even increases. This may be due to further
oxidation of Ni3+ in NiFe based electrocatalysts. The results of
electrochemical tests manifest that the electronic structure and
different Ni contents of the catalysts can be effectively tuned by
different concentrations of precursors and oxygen defects in the
electrocatalysts.

To deeply investigate the degree of structural evolution and
self-reconstruction of the catalyst, the evolution of surface
oxygen species was monitored by in situ electrochemical Raman
spectroscopy. As shown in Fig. 3c, the characteristic Raman
signal at 482 cm�1–486 cm�1 can be recognized as the NiII–O
vibration in NiOx. The other Raman peaks can be ascribed to a-
Fe2O3. In Raman spectroscopy, with the increase of the applied
voltage, the intensity of the Raman peak of a-Fe2O3 continu-
ously decreases, and the defect vibration peak of NiO constantly
increases, indicating that the leaching out of a-Fe2O3 promotes
the reconstruction of NiO. At the potentials of 600 mV and
700 mV, there are only two Raman peaks at 476 cm�1 and
OH at 100 mV s�1 between 1.15 and 1.5 V vs. RHE. (b) LSV curves in the
rements to investigate the self-reconstruction of Ni3Fe1. (d) Normalized
pectra (e) of the OER-activated sample with Ni foil, NiO and Ni2O3 as

3 and the OER-activated sample.

Chem. Sci., 2022, 13, 5639–5649 | 5643
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552 cm�1, which represent Eg bending vibration (d(Ni–O)) and
A1g stretching vibration (n (Ni–O)) modes in nickel oxyhydroxide
(NiOOH), respectively.24 FeOOH cannot be observed during the
in situmonitoring process, although it can be detected by ex situ
characterization due to anodic deposition. Therefore, we believe
that the main active species is NiOOH during the OER process.
And Fe compounds may perform the supporting role to
promote the Ni-based electrocatalysts to transfer the real elec-
trocatalysts. The variation of d(Ni–O)-to-n(Ni–O) ratios (labelled
to Id/n) can be used to distinguish the crystal phases formed by
NiOOH. Generally, the intensity of n(Ni–O) is relatively lower
(leading to higher Id/n) in g-NiOOH due to its looser and more
disordered structure.25,26 Therefore, such a higher Id/n in the
prepared electrocatalyst manifests the direct formation of the g-
NiOOH structure when surface oxidation occurs. It is regarded
that highly oxidized Ni4+ species exists in g-NiOOH due to the
statistical Ni value higher than + 3.7, which is benecial for the
lattice oxygen activation mechanism (LOM) reaction.27 More-
over, we used SEM and TEM to investigate the reconstructed
electrocatalyst to reveal the degree of reconstruction. As shown
in Fig. S12,† the nanowire arrays are completely converted to the
nanosheets. The TEM images show that the active electro-
catalyst species is NiOOH/FeOOH, which is also conrmed by
the normal Raman and XPS measurements (Fig. S13a–d†).
Notably, there are no Raman peaks of pristine NiO and a-Fe2O3

at high potentials, and the nanowire arrays are all converted
into nanosheets. Therefore, we infer that the whole electro-
catalyst has been completely reconstructed, thus exhibiting
better OER catalytic performance. Moreover, as shown in
Fig. S13b,† the peak intensity of M–O in the O 1s spectrum is
higher than that of the pristine sample, indicating that the
content of lattice oxygen increases aer the OER process, sug-
gesting a potential LOM reaction pathway.28

Ex situNi K-edge XAS spectrameasurements were employed to
investigate the subtle changes in the oxidation states and the
local bonding environments throughout the nanocomposite
samples. According to the relative absorption edge positions in
the Ni K-edge X-ray absorption near-edge spectra (Fig. 3d), and
commercial Ni, NiO, and Ni2O3 samples used as references, the
shi of the absorption threshold to a higher energy for the OER-
activated sample suggests that higher valence nickel sites are
formed.29 Here, the integral method is used to quantify the
valence state of nickel (Fig. S14†). The result (Fig. S14†) shows
that the Ni valence state increases to +3.8 aer the OER activa-
tion. Moreover, the Ni–O bond length is then probed by extended
X-ray absorption ne structure (EXAFS). It is clear that as the
valence state of nickel increases, the average Ni–O bond length
decreases, which indicates that the orbital hybridization between
Ni-3d and O-2p increases (Fig. 3e).29 Furthermore, the wavelet-
transform (WT) contour plots (Fig. 3f) were investigated to
provide an intuitive method to further determine the coordina-
tion environment of Ni atoms and the relative intensity and the
distance of the Ni–O coordination was found to increase and
decrease in the order of OER-activated – Ni2O3–NiO. Considering
the results of in situRaman and XAS spectra, we conclude that the
dynamically formed Ni4+ species in g-NiOOH serves as a veritably
active site for water oxidation aer the OER activation.
5644 | Chem. Sci., 2022, 13, 5639–5649
Chemical probe studies, in situ Raman studies and DFT
calculations towards the OER reaction mechanisms

The OER reaction pathway on oxides through the evolution of
lattice oxygen typically exhibits pH-dependent activity. To clarify
the reaction pathway of a-NiOx/a-Fe2O3, we performed the
chemical probe studies of the OER in various pH and the tet-
ramethylammonium cation (TMA+) solutions.28–30 As shown in
Fig. 4a and 4c, the OER performance of a-NiOx/a-Fe2O3 is highly
correlated with pH because the deprotonation process is easier
at higher pH and the onset potential decreases as the pH of the
solution increases.30–32 Therefore, a-NiOx/a-Fe2O3 exhibits
strong pH-dependence, following the potential LOM mecha-
nism. Furthermore, TMA+ was introduced into the electrolyte to
capture the peroxided species (O2

2�/O2
�) produced from the

O–O coupling, which is distinguished from AEM.30,33 As shown
in Fig. 4b, S15a and b,† the OER activity of a-NiOx/a-Fe2O3

signicantly reduced compared with that of a-NiOx and a-Fe2O3

in TMA cationic solutions. The Tafel slope increased from
75 mV dec�1 to 91 mV dec�1 due to the strong suppression of
the LOM by TMA+, while there was no obvious Tafel slope
change in a-NiOx and a-Fe2O3 (Fig. 4d). This result indicates
that the crystalline–amorphous heterojunction can change the
OER pathway and realize the high OER activity of a-NiOx/a-
Fe2O3. Moreover, the Mott–Hubbard splitting can be used to
describe the d-orbital splitting of the late translation metals
owing to the strong d–d onsite Coulomb interaction: electron-
lled lower Hubbard band (LHB) and empty upper Hubbard
band (UHB).34 As shown in Fig. 4e, the partial density of states
(PDOS) of the Ni 3d orbitals in different electrocatalysts were
calculated. The Ni d-band center of the OER-activated sample is
�4.53 eV, which is 0.14 eV lower than that of NiOOH. The highly
oxidized Ni4+ species downshi the LHB to probably penetrate
p-band of oxygen ligands as shown in Fig. 4f. This transition
from a Mott–Hubbard insulator to a charge-transfer insulator
can introduce lattice O to form O–O coupling.27

Several studies have reported that Fe impurities in the elec-
trolyte will affect the OER performance.35,36 To exclude the
inuence of Fe impurities, CV measurements of electrocatalysts
and controlled experiment were employed. Firstly, as shown in
Fig. 3a, the redox peaks shi to lower potentials of different
NiFe ratio electrocatalysts. These results are contrary to those
reported in Boettcher's work. In his work,35 the redox peaks shi
to higher potentials in the presence of Fe impurities. Therefore,
we believe that the Fe species in heterostructures propose
a more pronounced effect on OER performance and the effect of
Fe impurities may be negligible due to their very low content.
Secondly, the electrochemical performance of pure a-NiOx

synthesized with the same method was performed as a refer-
ence (Fig. S16†). We believe that we can obtain the specic role
of Fe in heterojunctions by comparing with a-NiOx to exclude
the interference of Fe impurities.

To deeply investigate the origin of the reaction mechanism
change, the electrochemical SHINERS-satellite structure was
employed to examine the OER performance of a-NiOx/a-Fe2O3

and NiOx electrocatalysts. As shown in the TEM image in
Fig. S17,† a-NiOx/a-Fe2O3 is uniformly dispersed on the surface
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 (a) pH dependence of the OER activities of a-NiOx/a-Fe2O3 at a scan rate of 5 mV s�1 (b) LSV curves of a-NiOx/a-Fe2O3 in 1 M KOH and
1 M KOHwith TMA+ at 5 mV s�1. (c) Current densities of a-NiOx/a-Fe2O3 as a function of the pH value. (d) Tafel slopes of a-NiOx, a-Fe2O3 and a-
NiOx/a-Fe2O3 in 1 M KOH and 1 M KOH with TMA+, respectively. (e) PDOS of Ni 3d orbitals in the OER-activated sample and NiOOH. (f)
Schematic illustration of activating lattice oxygen induced by Ni4+ species in the Mott–Hubbard model.
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of the SHINs due to the electrostatic interaction. Then
combined with in situ electrochemical enhanced Raman tech-
nology, the experiment was performed in 1M KOH from 0.6 V to
0.1 V versus Hg/HgO (Fig. 5a). The characteristic peak at
296 cm�1 is attributed to the Fe–O bond. Obviously, 0.41 V–0.5 V
(Vs. Hg/HgO) exhibits two pairs of characteristic peaks at
479 cm�1 and 556 cm�1, corresponding to the vibrationmode of
Ni–O in NiOOH.28 Special attention is paid to the apparent peak
value of 701 cm�1 in the range of 0.35 V to 0.4 V. According to
previous literature reports, the Raman frequency of the adsor-
bed OH with rocking mode has been observed at 778 cm�1 on
PtNi, the bending mode at 790 cm�1 on Au and 716 cm�1 on
RuO2$xH2O.37–39 Therefore, it is speculated that it may be
consistent with the intermediate species of *OH. The deuterium
Fig. 5 In situ SHINER spectra of the OER on a-NiOx/a-Fe2O3 in 1 M
KOH at different potentials dissolved in H2O (a) and D2O (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
isotope experiment of NiOx/Fe2O3-SAT was conducted to verify
this hypothesis (Fig. 5b). The peak at 701 cm�1 is red-shied to
a lower wave number around 665 cm�1, which means that this
species is related to the H atom. The DFT calculated structural
model (Fig. S18†) suggests that the optimized vibration
frequency of *OH absorbed on the Ni site is 685 cm�1, which is
consistent with the in situ Raman results. In addition, compared
with the in situ electrochemical Raman spectrum of NiOx-SAT
(Fig. S19†), no peak response of *OH was observed. Moreover,
recent studies have shown that Fe3+ species are regarded as
Lewis acid centers to promote the formation of Ni4+ species.7 In
the HSAB theory, the Fe3+ center is a hard acid that has weak
bonding with Lewis so base (nearly neutral OHad).40,41 The
unbalanced binding energy may drive OHad towards the Ni3+

center to deliver further oxidation. It is known that Ni favors the
adsorption of OHad species.42 Therefore, it is speculated that the
formed a-NiOx/a-Fe2O3 interface enhances the ability of
capturing OH in the solution, thereby changing the reaction
mechanism, and the adsorption of OH is a relatively important
step in the oxygen evolution reaction of the LOM pathway under
alkaline conditions.

By integrating experimental evidence with the simulated
results, we present an overall depiction of water oxidation on the
self-reconstruction electrocatalyst (FeOOH/NiOOH model) to
justify the improved OER activity of the corresponding a-NiOx/a-
Fe2O3, as schemed in Fig. 6. The electrical modication of the Fe–
O–Ni moiety promotes the formation of Ni4+ species. Primarily,
the pre-adsorbed OHad species accumulated at the Ni site is
Chem. Sci., 2022, 13, 5639–5649 | 5645



Fig. 6 Schematic illustration of the proposed overall OER pathway for
the self-reconstruction electrocatalyst. The yellow, blue, red andwhite
balls represent Fe, Ni, O and H atoms, respectively.
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driven by Fe3+ as a Lewis acid, realizing the deprotonation step.
This process allows for the direct coupling of the O intermediate
and activated lattice oxygen, which is favorable for high-valence
metal cations in terms of energy.43,44 The formed OO species
can therefore be considered as a newly produced O2 molecule
that will undergo subsequent oxygen evolution.5 As a result,
beneting from the accumulated OHad by Fe3+ and dynamically
constructed Ni4+ species, the a-NiOx/a-Fe2O3 electrocatalyst
exhibits ultra-low overpotential and excellent OER activity.
Experimental
Synthesis of amorphous NiOx/crystalline a-Fe2O3, NiOx and a-
Fe2O3 by the Leidenfrost effect assisted electrospray method

First, 1 � 0.5 cm2 carbon paper is cleaned by ultrasonication in
acetone, ethanol and DI water for 10 min, respectively and dried
under ambient conditions. Then, the carbon paper was placed
on the copper heating plates and heated up to 290 �C to
accomplish the Leidenfrost effect for water droplets. 0.1 M
FeCl3$6H2O and 0.1 M NiCl3$6H2O were dissolved in DI water,
and different volume ratios of Ni to Fe (1 : 1, 1 : 3 and 3 : 1) were
mixed as precursors. Then the solution was injected into a fused
silica capillary (50 mm inner diameter and 150 mm outer diam-
eter) by using a 500 mL syringe (Hamilton) and a syringe pump
(Harvard apparatus) at a rate of 20 mL min�1 for 10 min. 3 � 0.5
kV is applied on the needle to form a Taylor-cone mode with
a distance of 3 cm between the needle and substrate. The
synthesis procedures of NiOx and a-Fe2O3 are the same as
above, except that no additional FeCl3 or NiCl2 is added. The
mass loadings of different NiFe ratio electrocatalysts in this
work are all about 2.3 mg cm�2.
Synthesis of RuO2/NF

RuO2 catalysts are loaded on the carbon paper to fabricate
RuO2/NF. Briey, a homogeneous ink was obtained by
dispersing the commercial 7 mg RuO2 catalysts in the mixture
5646 | Chem. Sci., 2022, 13, 5639–5649
of 200 mL water and 5 mL Naon by ultrasonic treatment. And
then, all the ink was dropped on the carbon paper to ensure that
the loading mass of RuO2 was 2.5 mg cm�2.

Preparation of 120 nm Au@2 nm SiO2 nanoparticles (SHINs)

According to the literature,45 120 nm Au core nanoparticles were
prepared by the seed-mediated growth method. First, 200 mL of
0.01 wt% HAuCl4 aqueous solution is heated to boiling, and
quickly injected 2 mL of 1 wt% sodium citrate aqueous solution
for 40 minutes to obtain 45 nm Au. Then 3 mL of 45 nm Au in
the ice bath was taken as seeds, 0.4 mL of 0.1 wt% ascorbic acid
and 0.1 mL of 0.1 wt% sodium citrate were added to Au seed
solution and stirred for 10 minutes. Then 0.7 mL of 0.024 M
HAuCl4$4H2O solution was added and reacted for 30 minutes to
obtain 120 nm Au. The SHINs were synthesized according to the
previous publications of our group (1). 0.4 mL of 1 mM APTMS
solution was added to 20 mL of 120 nm Au solution and stirred
for 15 minutes at room temperature. Then 3.2 mL of 0.54 wt%
sodium silicate solution was added to the solution and the pH
was adjusted to about 10. Finally, the solution was stirred
overnight to obtain silica-coated 120 nm Au with a shell layer of
2 nm thickness (SHINs). The obtained sample was centrifuged
and washed three times with ultrapure water.

Self-assembly of NiOx/Fe2O3 on SHINs (NiOx/Fe2O3-SAT)

NiOx/Fe2O3 on the SHIN satellite structure is self-assembled
through the electrostatic interaction. A piece of the carbon
cloth sample was taken, 3 mL ultrapure water was added and
sonicated for 30 minutes to obtain a suspension. Then 1 mL of
the SHIN solution prepared above was added, and the satellite
structured NiOx/Fe2O3 (NiOx/Fe2O3-SAT) was obtained aer 30
minutes of sonication in the ice region. Finally, it was cleaned
three times with ultrapure water by centrifugation.

Raman measurements

Raman experiments were carried out with a confocal micro-
scope Raman system Xplora (Jobin-Yvon France). The excitation
wavelength was 638 nm from a He–Ne laser, and a 50� micro-
scope objective with a 0.55 numerical aperture was used for all
Raman measurements. Wavenumber calibration was regularly
veried by acquiring the Raman peak at 520 cm�1 of a silicon
crystal. In situ electrochemical Raman experiments were per-
formed in a homemade Raman cell with a NiOx/Fe2O3-SHIN
decorated glassy carbon electrode as the working electrode, a Pt
wire as the counter electrode, and a Hg/HgO electrode (lled
with 1M KOH) as the reference electrode. An Autolab PGSTAT30
(Metrohm) potentiostat was used to control the potential. To
avoid the inuence of electro-oxidation, potential negative
sweep is used to explore the oxygen evolution process, and the
potential is from 600 mV to 100 mV (vs. Hg/HgO).

Materials characterization

The morphology of electrocatalysts was observed using eld
emission scanning electron microscopy (FE-SEM, Hitachi S-
4800, Zeiss-Gmini500) and transmission electron microscopy
© 2022 The Author(s). Published by the Royal Society of Chemistry
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(TEM, FEI Tecnai F-30 operated at 200 kV). In addition, high-
resolution transmission electron microscopy (HRTEM) with
energy dispersive X-ray (EDX) spectroscopy analysis (TEM, FEI
Tecnai F-30 operated at 200 kV) was employed to give more
detailedmorphologies. The valence state, surface chemical state,
and compositions were explored by X-ray photoelectron spec-
troscopy (XPS, Thermo Fisher Scientic K-Alpha). XRD patterns
were analyzed on an X-ray diffractometer (Rigaku, RINT2500)
with a Cu Ka radiation source. EPRmeasurement was performed
by using a Bruker EMX-10/12 under 100 K conditions.

The X-ray absorption spectra at the Ni K-edge were recorded
at the XAS station (BL14W1) of the Shanghai Synchrotron
Radiation Facility (SSRF). The sample preparation procedure
for XAS investigations is as follows: the Ni foil sample was
commercially available at the XAS station. The NiO and Ni2O3

powder were prepared into 13 mm diameter discs by tableting.
Then, these discs were encapsulated with Kapton tape for XAS
testing. The OER-activated sample was directly encapsulated
with Kapton tape aer activation. The electron storage ring was
operated at 3.5 GeV. A Si (311) double-crystal was used as the
monochromator, and the data were collected using a solid-
state detector. The X-ray absorption of Ni foil at the Ni K-
edge was measured for energy calibration and data processing
as a standard sample. The obtained XAS original data were
processed for the background, pre-edge line, post-edge line
correction and normalized in Athena. A k range of 2–11 Å�1

and k-weight of 2 were used for all the Ni-samples.
Electrocatalytic performance measurement

The water oxidation measurements were performed through an
electrochemical work station (CHI 660E, Shanghai Chenhua)
with a typical three-electrode system: different electrocatalysts
as working electrodes, a graphite rod as the counter electrode
andmercury oxide (Hg/HgO) as the reference electrode, and 1M
KOH solution as the alkaline electrolyte. The quartz beaker was
used as the electrochemical cell and we cleaned the cell with
H2SO4 and then rinsed with deionized water (18.2 MU cm)
before each experiment. To avoid potential capillary action,
which allows possible catalysis of the conductive electrode clip
(Pt), the electrocatalysts partially immerse in solution. In this
case, the real working electrochemical active area in solution is
0.3 cm2. Current densities are normalized with the electrode
geometric surface areas. The pH of different KOH solutions was
determined by using a pH meter. The uncompensated resis-
tance change for the different KOH concentrations is shown in
Table S3.† The OER polarization curves were measured at a scan
rate of 5 mV s�1. All potentials reported were calibrated to that
of the reversible hydrogen electrode (RHE) by ERHE ¼ ESCE +
0.098 V + 0.059 � pH, and LSV curves were corrected for an
ohmic drop (85% for electrochemical analysis in Fig. 3 and 4
and 90% for large current experiments in Fig. 2) to evaluate the
true activity of the electrocatalysts. Electrochemical impedance
spectroscopy was performed in a 1 M KOH solution at 1.5 V (vs.
RHE) from 105–10�1 Hz with an AC voltage amplitude of 5 mV to
measure the system resistance. All the presented curves were in
their steady-state aer several cycles.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Computational method

All the density functional theory (DFT) calculations were per-
formed on the Vienna ab initio Simulation Package (VASP).46,47

The exchange–correlation interactions were described by
generalized gradient approximation in the form of the Perdew–
Burke–Emzerh functional (GGA + PBE).48 The ion cores and
valence electron interactions were treated by expanding a plane
wave basis set with a kinetic energy cutoff of 400 eV, using
a projector augmented-wave (PAW) method.49 The spin-
polarization was considered in all calculations. The on-site
coulombic interaction based on DFT + U methods reported by
Dudarev et al. was adopted to describe the strong localized
d orbital of transition metal. In the present work, a value of U ¼
6.6 eV and 3.5 eV was applied to Ni 3d and Fe 3d orbitals
according to previous reports.50 In addition, van der Waals
interactions were corrected by using the DFT-D3 approach.51,52

The Brillouin zone was sampled by using a 4 � 5 � 2 and 4 � 2
� 3 Monkhorst–Pack53 k-point mesh for NiOOH and FeOOH
bulk geometry optimization, respectively. And a 1 � 1 � 1
Gamma-centered Monkhorst–Pack k-point grid was used for all
slab model calculations. In addition, a denser 4 � 4 � 1 K-point
mesh was selected for calculating the electron density. The
heterostructure FeOOH (010)/NiOOH (122) was constructed by
ve layers of NiOOH (122) and 3 layers of FeOOH(010)-p(2 � 2).
To simulate the oxygen evolution reaction (OER) occurring at
the heterostructure interface, half of the FeOOH (010) layer
surface was removed. A vacuum thickness of 15 Å was applied to
avoid the periodic image interaction. The bottom four layers
were xed at their bulk position and the top four layers and
adsorbate was allowed to relax until the total energy and force
were lower than 10�4 eV and 0.05 eV Å�1, respectively.
Conclusions

In summary, we for the rst time, provide a unique synthesis
method to construct a-NiOx/a-Fe2O3 heterojunctions via
combining the Leidenfrost effect aided electrospray approach
with phase separation. Furthermore, in situ Raman spectros-
copy, chemical probe studies and other spectral technologies
are employed to explore the structure evolution of the electro-
catalyst and reaction pathway for water oxidation at the c–
a heterojunction. a-NiOx/a-Fe2O3 undergoes ultra-fast recon-
struction and exhibits state-of-art OER activities (h500 ¼ 290
mV). Furthermore, in situ SHINER spectra show that more OH is
accumulated at the c–a interface. Chemical probe studies and
XAS spectra reveal that this accumulated OH could promote
Ni4+ species formation and alter the reaction pathway to follow
the lattice oxygen mechanism to deliver faster reaction kinetics.
This work is an important step toward understanding the
synergistic effect of the crystalline–amorphous heterojunction
for water oxidation and even in other electrocatalytic reactions.
Data availability
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