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1. Introduction

Water splitting includes two half-reactions, hydrogen evolution reac-
tion (HER) and oxygen evolution reaction (OER), in which the OER is
regarded as the bottleneck for its sluggish kinetics.[1–7] An efficient elec-
trocatalyst is crucial to accelerate the reaction rate. In spite of superior
performance achieved by precious metal-based catalysts, their massive
applications are unpractical because of the scarcity.[8–11] Non-precious
metal catalysts, such as perovskite,[12–15] spinel,[16–18] and hydrox-
ide[19–22] provide new opportunities for OER, among which the NiFe
(oxy)hydroxide[21] has been regarded as the benchmark catalysts in

alkaline electrolyte. Metal silicate hydroxides, an
emerging family of earth-abundant two-
dimensional materials which share a similar lay-
ered structure with oxyhydroxides, have been
considered as competitive electrocatalysts
toward OER.[23–27] The unique [SiO4] tetrahe-
dron layer introduces the formation of an addi-
tional hydrogen bond to stabilize OOH*
intermediate which makes silicate hydroxides
an excellent OER performance.

However, metal silicate hydroxides usually
exhibit limited active sites owing to the poor
electron transfer ability. Like oxyhydroxides,
introducing hetero-metal element in metal sili-
cate hydroxides may effectively enhance catalytic
activity. Qiu et al. reported a synergetic coaxial
nanocable structure with excellent OER activity
by growing Ni�Co silicate hydroxide
nanosheets on multi-walled carbon nan-
otubes.[23] Kim et al.[26] introduced a Co�Fe bin-
ary silicate hydroxide with additional active sites
by disturbing the local environment of oxygen
and the optimal sample with 40 at.% Fe deliv-

ered an overpotential of 329 mV. Morphology and crystal structure have
been considered as the origin of the enhanced catalytic activity of silicate
hydroxides in these studies. However, electrocatalysis usually involves
the adsorption of reactants to the surface of catalysts and the electron
transfer between catalysts and reactants.[28–32] It remains unclear how
hetero-metal doping modifies the electronic structure of metal silicate
hydroxides and alters the adsorption behavior. Besides, it is also
unknown that what kind of doping state (either in solid solution or phase
segregated islands) is beneficial for the activity, and what is the optimal
doping amount. Answering the questions above is of great significane to
the development of metal silicate hydroxide-based OER electrocatalysts.

Here, we report an atomically doping strategy to boost the OER per-
formance of metal silicate hydroxides using cobalt silicate hydroxide
nanosheets (CSHNs) as a paradigm. Different amounts of Fe have been
doped into the CSHNs, and at an appropriate doping amount (6 at.%),
the doped Fe can be stabilized in a solid-solution state with homoge-
neous dispersion. Synchrotron study and theoretical calculations reveal
that the incorporation of Fe introduces a slight electron transfer from Fe
to Co, resulting in an optimal Co 3d and Fe 3d electronic occupation and
adsorption capacity to oxygen intermediates. Such atomically dispersed
Fe-doping activates Co inert sites and endows the Fe-doped CSHNs
(FCSHNs) an optimal overpotential of 293 mV at 10 mA cm�2 and a
Tafel slope of 47.2 mV dec�1. Further computation reveals that the
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Metal silicate hydroxides have been recognized as efficient oxygen evolution
reaction (OER) electrocatalysts, yet tailoring of their intrinsic activity remains
confused. Herein, Fe had been incorporated into cobalt silicate hydroxide
nanosheets and the resulted material achieves a competitive OER catalytic
activity. It is found that the doping state obviously affects the electrical
transport property. Specifically, highly dispersed Fe atoms (low-concentration
Fe doping) trigger slight electron transfer to Co atoms while serried Fe (high-
concentration Fe doping) attract vast electrons. By introducing 6 at.% Fe
doping, partial relatively inert Co sites are activated by atomically dispersed
Fe, bearing an optimal metal 3d electronic occupation and adsorption
capacity to oxygen intermediate. The introduced Co�O�Fe unit trigger the
p-donation effect and decrease the number of electrons in p*-antibonding
orbitals, which enhance the Fe�O covalency and the structural stability. As a
result, the sample delivers a low overpotential of 293 mV to achieve a
current density of 10 mA cm�2. This work clarifies the superiority of
atomically dispersed doping state, which is of fundamental interest to the
design of doped catalyst.

RESEARCH ARTICLE
Electrocatalysis

Energy Environ. Mater. 2021, 0, 1–7 1 © 2021 Zhengzhou University

https://orcid.org/0000-0001-6756-3578
https://orcid.org/0000-0001-6756-3578
https://orcid.org/0000-0001-6756-3578
https://orcid.org/0000-0002-1234-4455
https://orcid.org/0000-0002-1234-4455
https://orcid.org/0000-0002-1234-4455
https://orcid.org/0000-0003-4259-7725
https://orcid.org/0000-0003-4259-7725
https://orcid.org/0000-0003-4259-7725
https://doi.org/10.1002/eem2.12219
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feem2.12219&domain=pdf&date_stamp=2021-08-22


electronic interaction in the Co�O�Fe units improves the absorption
capacity to oxygen intermediate and reduces the OER overpotential.

2. Results and Discussion

2.1. Characterization of CSHNs and FCSHNs

The CSHNs and FCSHNs are synthesized directly by a one-step
hydrothermal method, and the samples prepared at Fe/Co feed ratios of
0, 0.03, 0.06, and 0.10, are named as CSHNs, FCSHNs-3, FCSHNs-6,
and FCSHNs-10, respectively. The Fe/Co atomic ratios are determined
by inductively coupled plasma-optical emission spectrometer (ICP-

OES), and the values agree well with the Fe/Co feeding ratios (Fig-
ure S1). All the CSHNs and FCSHNs samples show an ultrathin
nanosheet morphology with negligible difference (Figure 1a and Fig-
ure S2). The nanosheets range in width from 50 to 100 nm and they
interconnect with each other. A typical high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image and
the corresponding energy dispersive X-ray (EDX) elemental mappings
manifest that the Fe was uniformly distributed in the FCSHNs-6 (Fig-
ure S3). To further confirm the elemental distributions, STEM-electron
energy-loss spectroscopy (STEM-EELS) was conducted. The EELS ele-
ment mappings and Fe L-edge and Co L-edge spectra together verify the
homogeneous doping of Fe in the FCSHNs-6 (Figure 1b–d). Specifi-
cally, the three line-scan spectra manifest low and semblable Fe L-edge

Figure 1. a) TEM image of FCSHNs-6; b) HAADF-STEM image of FCSHNs-6; c) EELS elemental mappings of Co and Fe corresponding to the rectangular area
in b; d) Fe L-edge and Co L-edge EELS spectra record from b (the numbers from 1 to 3 in d correspond to the numbers from 1 to 3 in b); e) crystal
structure of FCSHNs-6; f) FT k3v(R) Co K-edge EXAFS and h) normalized Co K-edge XANES spectra for CSHNs, FCSHNs-6, Co foil, CoO, and Co3O4; g) FT
k3v(R) Fe K-edge EXAFS and i) normalized Fe K-edge XANES spectra for FCSHNs-6, Fe foil, FePc, and Fe2O3 (inset in i: fitted oxidation states of Fe).
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intensities, demonstrating the highly atomistic dispersion of Fe. Based
on the above characterizations, a cobalt silicate hydroxide structure with
atomic Fe doping is proposed (Figure 1e). Previous reports revealed
the low crystallinity of metal silicate hydroxides.[24] Similarly, the
CSHNs and FCSHNs show relatively low crystallinity as confirmed by
X-ray diffraction (XRD, Figure S4). High-resolution TEM (HRTEM,
Figure S5a) and selected area electron diffraction (SAED, Figure S5b)
demonstrate that the FCSHNs-6 possesses local ordering but lacks long-
range ordering. The Fourier-transform infrared (FT-IR, Figure S6)
spectra provide evidence on the local structure of CSHNs and
FCSHNs.[33–34] Atomic force microscopy (AFM, Figure S7) images
show that the thickness of CSHNs and FCSHNs ranges from a few
nanometers to dozens of nanometers. From HAADF-STEM images (Fig-
ure S8), both single-layer nanosheets (indicated by red arrows) and
multi-layer nanosheets can be found. Even for the multi-layer
nanosheets, their thickness is generally <10 nm.

To give an in-depth understanding of the coordination and elec-
tronic structure of CSHNs and FCSHNs, X-ray absorption fine structure
spectroscopy (XAFS), temperature-dependent magnetic susceptibility

(M�T), and X-ray photoelectron spectroscopy (XPS) were performed.
As displayed in Figure S9, the Co K-edge extended XAFS (EXAFS) k2v
(k) oscillation curves of CSHNs and FCSHNs-6 show an approximate
oscillation amplitude, implying the analogical coordination environ-
ment of Co. The Fourier-transform EXAFS (FT-EXAFS) curves for
CSHNs and FCSHNs-6 show noticeable Co�O (1.57 �A for CSHNs and
1.64 �A for FCSHNs-6) and Co�Co/Fe (2.73 �A) coordination (Fig-
ure 1f). The peaks at 1.41 �A and 2.58 �A for FCSHNs-6 in Figure 1g
can be assigned to the first shell Fe�O and the nearest Fe�Co/Fe coor-
dination, respectively. Noteworthy, the peak intensity of Fe�Co/Fe
coordination is much weaker than that of Co�Co/Fe, verifying the
existence of atomically dispersed Fe atoms in FCSHNs-6. The X-ray
absorption near-edge structure (XANES) curves of both CSHNs and
FCSHNs display a white line intensity lower than CoO (Figure 1h),
indicating that the average valence states of Co for CSHNs and FCSHNs-
6 are lower than +2, and the FCSHNs-6 possesses the lowest valence
state for Co. As shown in Figure 1i, the adsorption edge of FCSHNs-6
shifts toward higher energy relative to the FePc, corresponding to the
increase of Fe valence state. By fitting the adsorption edge, the average

Figure 2. a) Temperature dependent magnetization under H = 2 kOe and the temperature dependent inverse susceptibilities of the CSHNs and FCSHNs. The
solid lines are the fitting results by using the Curie–Weiss law: v = C/(T-Θ) above 150 K (C, Curie constant; Θ, Curie–Weiss temperature); b) Co L-edge; c) Fe L-
edge XANES spectra of CSHNs, FCSHNs-3, FCSHNs-6, and FCSHNs-10; and d) charge density difference of CSHNs, FCSHNs-3, FCSHNs-6, and FCSHNs-10. The red
color means high charge density difference, while blue means low charge density difference.
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oxidation state of Fe in FCSHNs-6 is 2.48 and it suggests that the Fe
can act as an electron donor.

Figure 2a shows typical susceptibilities obey the paramagnetic
Curie–Weiss law above 150 K and the fitting results (Figure S10) of
effective magnetic moment (leff) unravel the number of unfilled d orbi-
tals.[35] It is indicated that the FCSHNs-6 contains the most unpaired
electrons while CSHNs involve the least, which may be caused by the
electronic interaction between Co and Fe species. More in-depth elec-
tron transfer analysis can be obtained through XPS and metal L-edge
XANES. Compared to the CSHNs, the Co 2p binding energies of
FCSHNs-3 and FCSHNs-6 are shifted to lower values, while that of
FCSHNs-10 is shifted to a higher value (Figure S11). The Co L-edge
XANES (Figure 2b) illustrates that the intensity reduces with the dop-
ing up to 6 at.%, and increases for FCSHNs-10. The Fe L-edge XANES
(Figure 2c) spectra reveal the emergence of unfilled t2g orbitals for
FCSHNs-3 and FCSHNs-6. From the XPS and XANES results, one can
know that the electron transfers from Fe t2g orbitals to Co eg orbitals in
FCSHNs-3 and FCSHNs-6, while the electron transfer process is
reversed for FCSHNs-10.[36] Moreover, the charge density difference
(Figure 2d) was performed using density functional theory (DFT) cal-
culations and it is revealed that the fluxion orientation of electrons
changes with Fe doping. For FCSHNs-3 and FCSHNs-6, the Fe atoms
exhibit a decreased charge density, meaning that part of the electrons
are relayed from Fe to Co. However, when the doping content is
increased to 10 at.%, the distribution becomes compact, suggesting the
Fe atoms are converted into electron acceptors. The DFT calculations on
charge density agree well with the XPS and XANES results. Combining
the spectral and computational results, it is speculated that the Fe exists
in the form of atomically doping in FCSHNs-3 and FCSHNs-6. The

computational crystal model (Figure S12) indicates the metal�oxygen
bond length is shortened in FCSHNs-3 and FCSHNs-6, and thus
improves the electronic interaction, which matches well with the varia-
tion of Co–O coordination in Co K-edge EXAFS. These observations
suggest that low-dose doping is more beneficial to increasing the
charge density of Co species.

2.2. Electrocatalytic Properties of CSHNs and FCSHNs Towards
OER

The OER activity was studied in 1.0 M KOH using rotating disk elec-
trode (RDE) without IR correction. The trace iron impurities in elec-
trolyte were removed by suspending the Ni(OH)2 powder. The cyclic
voltammetry (CV) profiles in Figure 3a show that all the catalysts exhi-
bit competitive OER performance. The CSHNs require an overpotential
of 367 mV for reaching a specific current density of 10 mA cm�2,
which decrease to 339 mV for FCSHNs-3, 293 mV for FCSHNs-6, and
335 mV for FCSHNs-10 (Figure 3b). The FCSHNs-6 shows the lowest
overpotential and even surpasses some NiFe oxyhydroxide catalysts,[37]

meaning that the electron transfer plays a key role in facilitating the
adsorption capacity to intermediate. It should be noted that the redox
peaks which are often observed for transition metal hydroxides and
oxyhydroxides in the interval between 1.3 and 1.4 V are not
detected.[20,38] This phenomenon implies that there is no change in
structure and chemical state for metal silicate hydroxide during electro-
catalysis. The turnover frequency (TOF, Figure 3b, and Figure S13) of
FCSHNs-6 at g = 300 mV (0.033 s�1) is over three times as much as
CSHNs (0.0095 s�1). Figure 3c illustrates that the Tafel slope of

Figure 3. a) CV curves; b) Comparison of the overpotential at 10 mA cm�2 and TOF at g = 300 mV of different catalysts; c) Tafel plots of different
catalysts derived from CV;, d) Dj = ja�jc at 1.175 V versus RHE as a function of the scan rate to evaluate Cdl; e) Long-term stability of CSHNs and FCSHNs-6
at j = 10 mA cm�2 for 24 h; and f) Comparison of overpotential at different current densities for various bimetal catalysts.
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FCSHNs-6 is 47.2 mV dec�1, lower than 75.1 mV dec�1 for
CSHNs, 66.0 mV dec�1 for FCSHNs-3, and 66.2 mV dec�1 for
FCSHNs-10. The comparatively high TOF and low Tafel slope of
FCSHNs-6 manifest that 6 at.% of the atomically dispersed Fe dop-
ing can bestow the optimal electronic structure for oxygen adsorp-
tion. According to previous reports, optimal OER performances
can be achieved when the number of electrons in eg orbital of a
transition metal is about 1.2 for perovskites[12–13] and spinels.[39]

Therefore, it is reasonable to postulate that the optimal OER activity
of FCSHNs-6 is stem from the transfer of oligarchic electrons from
the Fe t2g orbital to the Co eg orbital, resulting in the increase of
electrons on the Co eg orbital to around 1.2.

CV tests (Figure S14) at various scan rates were used to estimate the
electrochemical surface areas (ECSA). The FCSHNs-6 provides a larger
double-layer capacitance (Cdl) than the other catalysts (Figure 3d),
which offers the information regarding more active sites induced by
the Fe incorporation. The internal charge-transfer resistance (Rct) was
determined using electrochemical impedance spectroscopy (EIS) at the
overpotential of 300 mV (Figure S15). The Rct values are 37.3, 13.2,
3.95, and 6.37 Ω for the CSHNs-0, FCSHNs-3, FCSHNs-6, and
FCSHNs-10, respectively. It is speculated that partial relatively inert Co

sites are activated by the nearest neighbor Fe, accounting for the
increase of active sites and remarkable charge-transfer ability of
FCSHNs-6, and thus the excellent intrinsic OER activity. We then study
the catalytic stability, both the CSHNs and FCSHNs-6 exhibit high activ-
ity after 24 h of testing, proving the excellent stability of the samples
(Figure 3e). Compared with earlier reports on bimetallic oxide and
hydroxide catalysts, the CSHNs and FCSHNs catalysts show competitive
OER performance in terms of overpotential and Tafel slope (Figure 3f
and Table S1).

2.3. Correlation Between the Electronic Structure and OER
activity

We further investigated the density of states (DOS, Figure 4a and Fig-
ure S16) to furnish more insight into the electronic structure of
FCSHNs catalysts. Obviously, the FCSHNs-3 and FCSHNs-6 carry lower
DOS of energy, implying an enhanced ability to accept electrons. Mean-
while, the FCSHNs-6 has the highest states in the region close to the
Fermi level (Figure S17). Additionally, in the region above the Fermi
level, the states of Co 3d eg orbital decrease until a Fe doping amount of

Figure 4. Partial density of states of Co 3d-band a), Co 3d eg-band b), and Fe 3d t2g-band c) of the catalysts; d) Schematic representation of the electronic
coupling between Co and Fe; e) The free energy diagram of OER on the CSHNs and FCSHNs-6; f) The structure for the *OOH formation step of CSHNs and
FCSHNs-6. The ball represents different elements. Silver: Co; Brown: Fe; Blue: Si; Green: Oxygen from absorbed intermediates; Red: Oxygen; Pink: H.
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6 at.% and then increase on further doping (Figure 4b). The states of
Fe 3d t2g orbital show the unfilled state for FCSHNs-3 and FCSHNs-6,
and disappear as the further increase of dopant (Figure 4c). The varia-
tion of states mean that the electron transfer occurs mainly between Co
eg orbitals and Fe t2g orbitals.

The Co�O�Co and Co�O�Fe unit was applied to analyze the
electronic interaction between Co and Fe in FCSHNs (Figure 4d).
Specifically, electron�electron repulsion is the dominated interac-
tion between Co and bridging O because of the fully occupied Co
t2g orbitals. Moreover, the behavior of p-donation is absent and
the p*-antibonding orbitals are fully occupied, which weaken the
bond strength of Co�O. In contrast, the valence electronic config-
uration of Fe2.48+ in FCSHNs-6 is 3d5.48, meaning that there are
unpaired electrons in Fe t2g orbitals. This property will trigger the
p-donation effect and decrease the number of electrons in p*-
antibonding orbitals, which enhance the Fe�O covalency and the
structural stability. For FCSHNs-3 and FCSHNs-10, the more elec-
trons in Fe t2g orbitals impair the Fe�O bond and thus weaken the
OER performance. The reaction pathways and the corresponding
Gibbs free energy were calculated to evaluate OER activity. As dis-
played in Figure 4e, both the CSHNs and FCSHNs undergo a typi-
cal four-electron OER reaction. Because of the enhanced Fe�O
covalency, the rate-determining step for FCSHNs-6 is the forma-
tion of *OO and O2 desorption with a ΔG of 0.38 eV, while that
of CSHNs is the formation of *OOH with a ΔG of 0.82 eV as the
attenuated Co�O covalency. The structural model for each step is
plotted in Figures S18 and S19. Noted that in the step of *OOH
formation (Figure 4f), there is an additional hydrogen bond
between the H of *OOH and the terminal O site for FCSHNs-6,
indicating that the FCSHNs-6 has a strong capacity to stabilize the
*OOH intermediate. Based on the above discussions, it can be con-
cluded that the introduction of Co�O�Fe units improves the
absorption capacity to oxygen intermediate.

To investigate the structural transformation, we conducted the in-
situ Raman test for CSHNs and FCSHNs-6. As shown in Figure S20,
the samples show the distinct bridge symmetric stretching vibrations of
Si–O–Si in the range of 400 – 800 cm–1.[40–41] Specifically, the peak
around 690 cm–1 in FCSHNs-6 display a broader peak than that of
CSHNs, which may be ascribed to the existence of silica tetrahedron
bonded with Fe–O. At the potential from 1.1 to 1.6 V, the peaks of
vs(Si–O–Si) in CSHNs and FCSHNs-6 all show negligible change in
terms of width and strength, meaning that the metal silicate hydroxides
can maintain the structural stability under OER conditions. Moreover,
the TEM images shown in Figure S21 of CSHNs and FCSHNs-6 after
OER test also show negligible change in morphology, and the aggra-
vated aggregation of nanosheets may be caused by the additional nafion
binder. The corresponding EDS mappings of FCSHNs-6 exhibit the uni-
form Fe doping in Co units, indicating that no leaching behavior of Fe
proceeds during OER test.

3. Conclusion

In conclusion, a series of Fe-doped cobalt silicate hydroxide has been
designed for OER, and the effects on Fe-doping have been systemati-
cally studied. By doping an optimal Fe amount (6 at.%), the obtained
FCSHNs-6 features an atomically Fe dispersion and significantly
enhanced OER activity compared to CSHNs. With partial electrons
transferred from Fe to Co, relatively inert Co sites are activated and

bears an optimal electronic occupation for the adsorption of oxygen
intermediate. Theoretical calculations reveal that the introduction of
Co�O�Fe units enhances the M�O covalency and the ability to stabi-
lize *OOH intermediate for FCSHNs-6 and changes the rate-
determining step. Obviously, the electronic interaction introduced by
doping atomically dispersed Fe plays a significant role in boosting the
OER performance. This work provides insights into engineering elec-
tronic structure and tailoring the local coordination environments of
metal silicate hydroxide electrocatalysts for OER. This concept can be
extended to the exploration of high-performance bimetallic or trimetal-
lic silicate hydroxide electrocatalysts.
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