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Two-dimensional layered double hydroxides (LDHs) have been identified as promising electrocata-
lysts for the oxygen evolution reaction (OER); however, the simple and effective synthesis of
high-quality LDHs remains extremely challenging and the active sites have not been clarified. Here-
in, we report a facile solution-reaction method for preparing an ultrathin (thickness < 2 nm) non-
precious CoFe-based LDH. Co1Feo> LDH delivers a current density of 10 mA cm-2 and a high turno-
ver frequency of 0.082 s-! per total 3d metal atoms at a low overpotential of 256 mV. Its mass activ-
ity is 277.9 A g1 at an overpotential of 300 mV for the OER. Kinetic studies reveal the Co site as the
main active center for the OER. The doped Fe lowers the reaction barrier by accelerating the
charge-transfer process. Theoretical calculations reveal that the surface Co sites adjacent to Fe at-
oms are the active centers for the OER and the subsurface Fe dopants excessively weaken the OH*
adsorption, thus increasing the energy barrier of the rate-determining step. This study can guide the
rational design of high-performance CoFe-based LDHs for water splitting.
© 2022, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

have thus far been limited to noble Ir/Ru oxides [9,10], which
are scarce and expensive and therefore unsuitable for industri-

High-purity hydrogen produced by alkaline-water splitting
(a renewable energy supply) offers a promising route toward
sustainable energy and environmental development [1-5].
However, the kinetics of the electrocatalytic oxygen evolution
reaction (OER) is very slow and the high energy barriers can
only be overcome by large overpotentials that greatly degrade
the energy efficiency [6-8]. First-class OER electrocatalysts
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al implementations. The development of cost-efficient OER
catalysts with high electrocatalytic performance is highly de-
manded for hydrogen generation [11-13].

To replace Ru/Ir oxides with high-performance,
earth-abundant catalysts for the OER, researchers have ex-
plored heterogeneous transition-metal oxides,
(oxy)hydroxides, carbide, nitrides, halogenides, dichalcogeni-

This work was supported by the National Natural Science Foundation of China (22075099), the Education Department of Jilin Province
(JJKH20220967K]), and the Fundamental Research Funds for the Central Universities (D5000210743).
DOI: 10.1016/S1872-2067(21)64033-0 | http://www.sciencedirect.com/journal/chinese-journal-of-catalysis | Chin. ]. Catal, Vol. 43, No. 8, August 2022



Xue Bai et al. / Chinese Journal of Catalysis 43 (2022) 2240-2248 2241

des, selenides, and phosphides [14-16]. Although these com-
pounds achieve high OER activity, only transition-metal oxides
and (oxy)hydroxides are stable toward the oxygen evolution
process; the others ultimately transform into their corre-
sponding oxides [17,18]. Therefore, it is highly desirable to
design and synthesize transition-metal oxides and
(oxy)hydroxides for the OER from the viewpoint of practical
applications. In recent years, CoFe-based oxides and
(oxy)hydroxides have emerged as highly active and stable OER
electrocatalysts with performances comparable to those of
NiFe-based (oxy)hydroxides and precious metal oxides [19]. A
variety of structures have been constructed, including nano-
particles (NPs) [20], nanosheets [21], core-shell structures
[22], amorphous structures [23], mesoporous structures [24],
and crystalline structures [25,26]. Owing to their unique
two-dimensional (2D) structure and tunable chemical compo-
sition, CoFe layered double hydroxides (LDHs) exhibit excellent
OER activity in alkaline media. However, CoFe LDHs have lower
OER activity than Ru/Ir-based catalysts because the overall
structure of LDHs is difficult to control and their active sites are
unevenly distributed. The rational design and preparation of
CoFe LDHs with an ultrathin structure would expose more ac-
tive sites and homogeneously disperse the Fe and Co sites, thus
accelerating the electron transport. This solution appears to be
the key for improving the OER performance.

Although considerable efforts have been devoted for char-
acterizing and understanding the structural and electronic
properties of CoFe LDHs, the OER catalytic sites of CoFe LDHs
remain contentious. The OER active centers have been identi-
fied as (1) Fe sites, (2) Co sites, (3) di-p-oxo-bridged Fe-Co sites,
and (4) oxygen vacancies. Yeo et al. [27] performed an in situ
X-ray absorption fine structure (XAFS) characterization of CoOx
and concluded that Fe sites with oxygen vacancies are involved
in the OER activity enhancement of CoOx. Using time-resolved
in situ X-ray absorption, Smith et al. [28] found that the OER
predominantly occurs at di-p-oxo-bridged Co-Co and
di-p-oxo-bridged Fe-Co sites. Wang et al. [29] reported that
introducing defects can increase the number of dangling bonds
adjacent to the reactive sites and reduce the coordination
number of these sites. Zhu et al. [21] found that oxygen vacan-
cies can boost the electronic conductivity and accelerate the
adsorption of water at Co3+ sites. To date, there is no substan-
tial evidence that would unify the experimental and theoretical
results and thus reveal the true active sites of CoFe LDHs for
the OER. To acquire this knowledge, we conducted a systematic
comparison between a range of CoFe LDHs synthesized using
the same method. Specifically, we measured their kinetic bar-
riers and compared the results with the theoretical overpoten-
tials on different LDH sites. We found that the Co sites adjacent
to surface Fe atoms are the oxygen evolution centers and large
overpotentials are required on Fe sites.

2. Experimental
2.1. Materials

All the chemicals were used without further purification and

the water used was deionized water (DIW). Co(NO3)2:6H20
(98.5%), FeCl3:6H20 (99.9%), sodium borohydride (NaBHa4, >
99%), and C2HsOH (> 99.7%) were obtained from Sinopharm
Chemical Reagent. PEG-PPG-PEG (Pluronic P123, > 95%) was
purchased from Alfa Aesar.

2.2.  Synthesis of CoiFex LDH

Co(N03)2:6H20 (1 mmol) and FeClz-6H20 (x = 0.1, 0.2, 0.3,
0.4 and 0.5 mmol) were dissolved into 100 mL of DIW (con-
tains 1 g Pluronic P123) at room temperature. After stirring for
20 min, NaBH4 (the molar ratio of NaBH4/M was 1.5) was add-
ed and continuously stirred for 1 h. Subsequently, the precipi-
tate was washed with DIW and C2HsOH alternately for three
times. After vacuum drying, the synthesized samples were
named CoiFex LDH, where x represented the molar ratio of
Fe/Co (x=0.1,0.2,0.3, 0.4 and 0.5).

2.3.  Synthesis of CoiFeo2 NPs

Co1Feo2 NPs were synthesis similarly to CoiFex LDH except
that Pluronic P123 was not added.

2.4. Synthesis of Fe LH and Co LH

Fe LH and Co LH were prepared by the same way as Co1Fex
LDH with only FeCls-6H20 and Co(NO3)2:6H20 as the metal
precursor, respectively.

2.5. Characterization

High-resolution TEM (HRTEM) images were recorded on a
JEM-2100 transmission electron microscope (Tokyo, Japan) at
200 kV. The valence state was determined using XPS recorded
on a Thermo ESCALAB 250Xi. The X-ray source selected was
monochromatized Al K« source (15 kV, 10.8 mA). Region scans
were collected using a 30 eV pass energy. Peak positions were
calibrated relative to C 1s peak position at 284.6 eV.

2.6. X-ray absorption data collection

The X-ray absorption fine structure (XAFS) spectra were
performed at BL14W1 beamline of Shanghai Synchrotron Ra-
diation Facility (SSRF) operated at 3.5 GeV under “top-up”
mode with a constant current of 240 mA. The XAFS data were
recorded under fluorescence mode with a 7-element Ge solid
state detector. The energy was calibrated accordingly to the
absorption edge of Fe/Co foil. Athena and Artemis codes were
used to extract the data and fit the profiles. For the X-ray ab-
sorption near edge structure (XANES) part, the experimental
absorption coefficients as function of energies u(E) were pro-
cessed by background subtraction and normalization proce-
dures, and reported as “normalized absorption”. For the ex-
tended X-ray absorption fine structure (EXAFS) part, the Fou-
rier transformed (FT) data in R space were analyzed by apply-
ing first-shell approximate model for Fe-O and Co-O contribu-
tions. The parameters describing the electronic properties (e.g.,
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correction to the photoelectron energy origin, Eo) and local
structure environment including CN, bond distance (R) and
Debye-Waller (D.W.) factor around the absorbing atoms were
allowed to vary during the fit process. The fitted range for k
space was selected to be k = 3-10 A-1 (k3 weighted).

2.7. Electrochemical measurements

All electrochemical measurements were performed on a
CHI760E electrochemical working station at room tempera-
ture. The catalysts were measured in 1.0 mol/L KOH aqueous
solution using a typical three-electrode configuration, in which
glassy carbon electrode (GCE) was used as the working elec-
trode; platinum plate and saturated calomel electrode (SCE,
saturated KCI) were used as the counter and reference elec-
trodes, respectively. Linear sweep voltammetry (LSV) polariza-
tion curves were acquired at a scan rate of 1 mV s-1 with 90%
iR-compensation. Electrochemical impedance spectroscopy
(EIS) measurements were performed at open-circuit potential
in the frequency range from 100 kHz to 0.1 Hz with an a.c. per-
turbation of 5 mV. All potentials measured were calibrated to
RHE using the following equation: E (vs. RHE) = E (vs. SCE) +
0.241V + 0.0591pH.

Typically, 2 mg of catalyst powder was dispersed in 0.5 ml
ethanol containing 0.25 wt% Nafion solution. The suspension
was immersed in an ultrasonic bath for 30 min to prepare a
homogeneous ink. The working electrode was prepared by
depositing 5 pl catalyst ink onto GCE (catalyst loading 0.28 mg
cm-2).

2.8. Computational methods

Spin-polarized DFT calculations were performed using the
Vienna Ab initio Simulation Package. The generalized gradient
approximation with the PBE functional was used to describe
the exchange and correlation energy. Electron-ion interactions
were treated by the projector augmented wave method. In all
calculations, the energy cutoff of the plane-wave basis set was
400 eV. The DFT+U method was applied to 3d orbitals of Fe and
Co to correct the on-site Coulomb interactions. Uetr = 5 eV and
3.4 eV were used respectively for Fe and Co to reproduce the
electronic structure that has been observed experimentally.
Brillouin zone was sampled by Monkhorst-Pack k-point mesh-
es. Optimized structures were obtained by minimizing the
forces on each ion until they fell below 0.05 eV/A. The solvation
effects were also considered using an implicit solvation model
implemented in VASP. The relative permittivity for the contin-
uum solvent was set to 80 to simulate a water environment.

Thermochemistry of the electrochemical oxygen evolution
reaction (OER) was calculated by applying the computational
hydrogen electrode method. This method has previously
proved successful in predicting OER activity trends on various
catalysts. Briefly, the Gibbs free energy change of each electro-
chemical elementary step of the OER was calculated with DFT.
The OER reaction mechanism was assumed to follow the
four-step mechanism represented in equations 1-4.

H20 +* & OH* + H* + e~ 1)

OH* & O* + H* + e~ (2)
Hz20 + O* & OOH* + H* + e~ 3)
OOH* & *+ 02+ H* +e- “4)

The free energy change of each elementary steps can be
calculated as AG = AE - TAS + AZPE, where AZPE is the ze-
ro-point energy. The total energy changes (AE) of these ele-
mentary steps are the energy differences between
DFT-calculated energies of reactant and product states. Here,
for both ORR and OER, we evaluated the binding energies of
OH* 0* and OOH* on the surfaces of the catalysts under con-
sideration. The chemical potential of the solvated proton and
electron pair (H* + e-) at standard conditions (pH = 0, T =
298.15 K) is calculated as 1/2Guz + eUsne assuming equilibrium
at the standard hydrogen electrode. The changes in AZPE and
TAS are calculated using previously determined values. With
this approach, the theoretical overpotential of OER (n0ER) at
standard conditions is defined as:

1OER = (GOER /) -1.23V (5),
where GOER is the potential determining step defined as the
highest free energy step in the process of OER.

We employed b-CoOOH(01-12) and y-FeOOH(010) surfaces
to examine their OER activities, respectively. A vacuum spacing
of at least 20 A was used for all surface models. All surface
structural models had a minimum of four metal-oxygen layers
and 3 x 3 cell sampled by 2 x 2 x 1 Monkhorst-Pack [8] k-point
mesh. For Fe-doped CoOOH(01-12) surface, we explored two
different doping locations of Fe dopants. The first location is Fe
dopant replaces a surface Co on CoOOH surface. And, the se-
cond is Fe dopant occupy a subsurface lattice of CoOOOH. The
OER activities of the surface Fe along with the Co sites adjacent
to the Fe dopants were examined.

3. Results and discussion
3.1.  Morphology and structure characterization

CoFe LDH was facilely synthesized using a template-assist
method at room temperature. Fig. 1(a) shows the ultrathin
CoFe LDH nanosheets with different Co/Fe concentrations fab-
ricated via a two-step process. In the first step, Fe3* ions, Co2+
ions, and polyethylene oxide-polypropylene oXx-
ide-polyethylene oxide (P123) were dissolved in water with
stirring. In the second step, sodium borohydride was added to
precipitate the metal ions and form the ultrathin 2D structure.
High-resolution transmission electron microscopy (HRTEM)
images (Figs. 1(b) and (c)) present the 2D layered structure of
the Co1Feo2 LDH. The structure was wrinkled and < 2-nm thick.
The HRTEM image (Fig. 1(c)) presents typical crystal lattices
with a spacing of 0.462 nm, which is slightly larger than the
(001) plane spacing of Fe(OH)z (0.46 nm, PDF#13-0089) and
the (001) plane spacing of FeOOH (0.456 nm, PDF#77-0247)
but smaller than the (001) plane spacing of Co(OH)z (0.464 nm,
PDF#74-1057). This finding suggests that iron ions were suc-
cessfully immobilized in the Co(OH): lattice. The peaks shown
in the X-ray diffraction (XRD) pattern of CoiFex LDH are con-
siderably shifted from the corresponding peaks of FeOOH and
Co(OH): (Fig. S1), further demonstrating the formation of bi-
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Fig. 1. (a) Schematic of the process of synthesizing CoFe LDH; HRTEM
images (b-d) and EDX mappings (e-g) of the Co1Feo2 LDH.

metallic hydroxides. Energy dispersive X-ray spectroscopy
(EDX) and elemental mapping images confirm the uniform
dispersion of Fe, Co, and O (Figs. 1(d)-(g)). From the nitrogen
adsorption-desorption isotherms, the Brunauer-Emmett-Teller
specific surface area of Co1Fex LDH was determined as 97.7 m?
gL

Surface-sensitive X-ray photoelectron spectroscopy (XPS)
and synchrotron-based XAFS are effective characterization
techniques for determining the surfaces and bond structures of
active metal sites. First, the chemical nature of the as-prepared
Co1Feo2 LDH was investigated using XPS. The survey spectrum
(Fig. 2(a)) presents clear peaks of C 1s, O 1s, Fe 2p, and Co 2p.
At high resolution, the Fe 2p peak splits into Fe 2p3/2 (713.6 eV)
and Fe 2p1/2 (724.7 eV) along with two satellite peaks, one lo-
cated at 718.8 eV and the other at 734.2 eV (Fig. 2(b)). The Fe
2p3/2 and Fe 2p1/2 peaks are deconvolved into Fe2+ 2p3/2 (710.9
eV), Fe3* 2p3/2 (713.1 eV), Fe2* 2p12 (724.1 eV), and Fe3+* 2p1,2
(726.1 eV) [30]. From the peak areas, the surface content of

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.
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Fe3+/Fe?+ is calculated as ca. 9/1. In the high-resolution Co 2p
spectrum of the CoiFeoz LDH (Fig. 2(c)), two prominent
shake-up satellite peaks centered at 786.6 and 803.2 eV indi-
cate the existence of Co2* [31]. The two major peaks centered at
~781.5 and 797.5 eV (split by ~16 eV) are attributed to the Co
2ps3/2 and Co 2p1/2 orbitals, respectively. These peaks were fur-
ther deconvolved into Co%* 2ps/2 (781.5 eV), Co3* 2p3/2 (779.9
eV), Co2* 2p1/2 (797.5 eV), and Co3+ 2p1/2 (795.9 eV) [32]. The
surface relative content of Co3+/Co2+ is ca. 1/7.4. In the O 1s
spectrum (Fig. 2(d)), the peaks at 529.8, 531.4, and 532.5 eV
are attributed to lattice oxygen (Fe/Co-0), defective oxygen
sites, and surface-absorbed -OH, respectively [22,33-35].

The local coordination structures of the Fe and Co species in
the CoiFeo2z LDH were thoroughly determined using XAFS
measurements (Fig. 3). First, the oxidation states of the Fe and
Co ions were confirmed via X-ray absorption near-edge struc-
ture (XANES) spectroscopy. In the Fe K-edge of the XANES
spectra, the near-edge structures of the Co1Feo2 LDH and Fez03
were very similar (Fig. 3(a)), indicating an average valence
state of +3 for Fe. The Co K-edge of the XANES spectra of the
Co1Feo2 LDH appeared between those of CoO and Cos304 (Fig.
3(d)), indicating an average valence state of Co between +2 and
+3. Both XANES results agreed with the aforementioned XPS
results. Subsequently, the local structures of the Fe and Co sites
in the CoiFeo2 LDH were analyzed using extended X-ray fine
structure (EXAFS) spectroscopy (Figs. 3(b) and 3(e)). The Fou-
rier-transformed (FT) EXAFS spectra are displayed in Figs. 3(c)
and 3(f), and the extracted structural parameters are presented
in Table S1. The Fe atomic environment of the Co1Feo2 LDH has
0 in the first shell with a bond length of 1.98 + 0.01 A and an
average coordination number of 5.7 + 0.7. Fe/Co occupies the
second coordination shell with a distance of 3.09 + 0.02 A.
Meanwhile, the Co atomic environment of the Co1Feo2 LDH has
0 in the first shell with a bond length of 2.05 + 0.01 A and an
average coordination number of 6.8 + 0.9. Fe/Co appears in the
second coordination shell with a distance of 3.12 + 0.01 A.
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Fig. 2. (a) XPS survey spectrum of the Co1Feo2 LDH. (b) high-resolution
Fe 2p XPS spectra. (c) high-resolution Co 2p XPS spectra. (d)
high-resolution O 1s XPS spectra.
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Fig. 3. (a) XANES spectra at the Fe K-edge of the Co:1Feo2 LDH and reference samples (Fe foil, Fe304, and Fez03). (b) EXAFS spectra at the Fe K-edge of
the Co1Feo2 LDH, Fe foil, and Fe304. (c) FT-EXAFS fitting spectrum at the Fe K-edge of Co1Feo2 LDH. (d) XANES spectra at the Co K-edge of the Co:Feo.
LDH and reference samples (Co foil, CoO, and Co0304). () EXAFS spectra at the Co K-edge of the CoiFeo2 LDH, Co foil, and Co304. (f) FT-EXAFS fitting

spectrum at the Co K-edge of Co:Feo2 LDH.

3.2.  OER performance

The electrocatalytic OER performance of the as-prepared
Co1Feo2 LDH was evaluated in an alkaline electrolyte using a
standard three-electrode system (Fig. 4). For comparison, Fe
layer hydroxide (Fe LH), Co layer hydroxide (Co LH),
Co1Feo2(OH)x NPs (CoiFeoz NPs), and commercial IrOz were
tested under the same condition. The linear sweep voltamme-
try curves were obtained at a scan rate of 1 mV s-1 with 90% iR
compensation. Fig. S2 shows that the OER activity can be opti-
mized by modulating the molar ratio of Co/Fe. The CoiFeo.
LDH showed excellent OER activity, achieving a current density
() of 10 mA cm-2 at a lower overpotential (710 = 256 mV) than
those of CoiFeox LDH (265 mV), CoiFeos LDH (269 mV),
Co1Feos LDH (277 mV), Co1Feos LDH (277 mV), and commer-
cial IrO2 (272 mV) (Fig. 4(a)). By contrast, the n1o values of Co
LH and Co1Feo2 NPs were 307 and 292 mV, respectively and Fe
LH failed to reach the current density of 10 mA cm-2 even when
the overpotential reached 700 mV. The considerable down shift
in the overpotential from Co LH to CoFe LDH strongly indicates
that a cooperation mechanism between Fe and Co plays a vital
role in the OER. Furthermore, the Co1Feo2 LDH exhibited a high
turnover frequency of 0.082 s-1 per total 3d metal atoms and a
mass activity of 277.9 A g1 at an overpotential of 300 mV,
which are much higher than those of Fe LH (0.00019 s-1 and
0.58 A g1, respectively), Co LH (0.0085 s-! and 29.6 A g1, re-
spectively), Coi1Feo2 NPs (0.015 s-1 and 51.1 A g1, respectively),
and IrOz (0.077 s and 111.4 A g1, respectively) [23]. The
Co1Feo2 LDH conformably surpassed the best CoFe-based LDH
electrocatalysts previously reported (Fig. 4(c)); for example
Fe-CoOOH/G (1710 = 330 mV) [36], CoFe LDH/rGO (n10 = 325

mV) [37], a-CosFe(OH)x (10 = 295 mV) [38], CoFe LDH (110 =
288 mV) [39], a-CoooFeo.1(OH)x (110 = 280 mV) [40], Co-Fe ox-
yphosphide microtubes (710 = 280 mV) [41], (CoFe)(OH)x (10 =
275 mV) [42], CoFe LDHs-Ar (o = 266 mV) [43],
Feo33C006700H porous nanosheet arrays grown on carbon
fiber cloth (o = 266 mV) [44], and CoFe metal-organic
framework (10 = 265 mV) [45].

To further investigate the OER performance, Tafel plots
were derived from the polarization curves of the catalysts. The
Tafel slope of the Co1Feo2 LDH is 40 mV dec-! (Fig. 4(b)), im-
plying that second electron transfer is the poten-
tial-determining step for the OER [46]. By contrast, the similar
Tafel slopes of CoiFeo2 NPs and commercial IrOz are 67 and 58
mV decl, respectively, implying that the OER’s poten-
tial-determining step is the step following the first electron
transfer. The much lower Tafel slope of Co LH (92 mV dec-1)
demonstrates a different mechanism from those of the Co1Feo.
LDH and Co1Feo2 NPs, further indicating that the introduced Fe
changed the water-oxidation-reaction route on the catalyst
surface. The doping content of Fe in the CoFe LDH also influ-
enced the OER mechanism (Fig. S2), suggesting that finding an
appropriate Co/Fe ratio is essential for improving the OER
performance of catalysts.

To assess the OER Kkinetic barrier, we investigated the influ-
ence of temperature on the electrocatalytic performances of the
catalysts. Raising the temperature accelerated the wa-
ter-oxidation process (Fig. S3), indicating that the electro-
chemical rate constant is temperature dependent. From the
Arrhenius plots at n = 300 mV, the OER activation energy (Ea)
was determined as Ea = —2.3R[dlog(ik)/d1/T] (Fig. 4(c)), where
ix is the kinetic current at 7 = 300 mV, T'is the temperature, and
R is the universal gas constant [23,47]. The apparent energy
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Fig. 4. (a) OER polarization curves of the catalysts loaded on the glassy carbon electrodes. Tafel slopes (b) and comparisons (c) of the overpotentials
at 10 mA cm~2 and Tafel slopes of the catalysts. (d) Arrhenius plots of the kinetic current at 1 = 300 mV without iR compensation. (e) Multicurrent
electrochemical process and (f) chronopotentiometric curve of the Coi1Feo2 LDH.

barrier was much lower in the CoiFeo2 LDH (22.2 k] mol-1)
than in Fe LH (69.6 k] mol-1), Co LH (27.3 k] mol-1), and
Co1Feo2 NPs (44.8 k] mol-1), suggesting faster OER Kkinetics on
the Co1Feo2 LDH than on the other catalysts. However, Co LH
showed a lower activation energy than those of Fe LH and
Co1Feo2 NPs, implying that Co sites are the main active centers
for the OER.

To better estimate the available active sites for the OER, the
electrochemically active surface area (ECSA) was derived from
the electrochemical double-layer capacitance [48]. The ECSAs
of Fe LH, Co LH, CoiFeo2 NPs, and the Co1Feo2 LDH were 2.9,
1888, 810, and 2625 cm? (Figs. S4-S7), respectively, suggesting
that the high ECSA of CoiFeo2 LDH is mainly based on Co LH
rather than Fe LH. Moreover, layered hydroxides exhibit higher
ECSAs than NPs because the 2D ultrathin structure exposes
more active sites. Then, an impedance study was performed to
determine the nature of the electrode surface and its role in the
electrocatalytic OER. As shown by the Nyquist plots presented
in Fig. S8, the charge-transfer resistance was much lower in the
Co1Feo2 LDH than in Fe LH, Co LH, and Co1Feo2 NPs, implying a
faster charge-transfer capability of the Co1Feo2 LDH than those
of the other catalysts during the OER.

To study the steady-state activity and durability of the
Co1Feo2 LDH, multiple current steps of chronopotentiometry
were performed in an alkaline electrolyte. Fig. 4(e) shows that
the overpotential remains almost constant as the current den-
sity increases stepwise from 10 to 100 mA cm-2. The roughen-
ing of the plots at high current densities is attributable to oxy-
gen-bubble formation during the OER. The OER durability of
the CoiFeo2 LDH was further investigated at constant current
density of 10 mA cm-2 for 16 h (Fig. 4(f)). The excellent stability
of the Co1Feo2 LDH was confirmed by the steady OER activity

over the 16-h period.

The morphology and structure of the Coi1Feo2 LDH after the
OER test were analyzed using TEM and XRD, respectively. As
shown in the TEM image (Fig. S9), the typical nanosheet struc-
ture of the Co1Feo2 LDH was preserved after the OER test, indi-
cating that the morphology was not disrupted by the OER.
Meanwhile, the XRD pattern of the CoiFeo2 LDH after the OER
test (Fig. S10) presents obvious peaks of bimetallic Co-Fe hy-
droxide, indicating that the structure of the CoiFeo2 LDH was
well retained during the OER. The changes in the composition
and valence states of Co and Fe on the CoiFeo2 LDH surface
after the OER stability test were determined via XPS. The Co
and Fe compositions did not seem to change after the OER test
(Fig. S11), further suggesting the high stability of the Co1Feo.2
LDH. The relative surface contents of Fe3*/Fe2+ and Co3+/Co%*
increased from 9/1 and 1/7.4 in the fresh sample to 10/1 and
1/6.3, respectively, in the used sample, indicating that the sur-
face Fe and Co sites are involved in the OER process.

3.3. OER mechanism

To rationalize the effect of Fe doping on the OER activity of
CoOOH, we evaluated the theoretical OER overpotential (1okr)
of unary CoOOH, FeOOH, and binary Fe-CoOOH catalysts using
density functional theory with the Hubbard U correction. For
the binary Fe-CoOOH catalyst, we considered both surface and
subsurface Fe alloying. In the former case, the OER perfor-
mance was determined at the surface Fe sites (Fe-CoOOH Fe)
and at Co sites adjacent to the Fe dopants (Fe-CoOOH Co). In
the latter case, the OER performance was determined at the
surface Co sites above the subsurface Fe dopants (Fesu-CoOOH
Co). The theoretical OER overpotentials at these five catalytic
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sites were calculated according to the proposed four-step OER
mechanism in an alkaline media. The proposed mechanism is
shown in Fig. 5(a), and the calculated OER overpotentials are
plotted against the thermochemical descriptor of OER activity,
i.e, AGo-AGon, as shown in Fig. 5(b). The overpotentials of the
examined cases are overlaid with the theoretical volcano plot
(Fig. 5(b)). The detailed free-energy diagrams (FEDs) of the
OER constructed from the energetics of all intermediates (OH*,
0* and OOH¥*) at different applied potentials at the five catalyt-
ic sites are shown in Figs. 5(c)-(g). The poor activity of the
FeOOH site for the OER with a high noer (~0.95 V) can be at-
tributed to the excessively strong bonding of OH*. The OER
activity of CoOOH was much higher (noer ~0.7 V) because the
adsorption strengths of the key reaction intermediates were
better balanced at this site. However, the stronger absorption
of OH* than that of O* raised the overpotential of the OH* to O*
for the oxidation step. For this reason, the data point of CoOOH
is located toward the right side of the optimal point on the vol-
cano plot shown in Fig. 5(b). We found that the CoOOH site was
improved via surface Fe doping. Specifically, the OER overpo-
tential at a Co site adjacent to a surface Fe dopant fell to ~0.61
V. This improvement can be attributed to slightly more destabi-
lized OH* adsorption than that on unary CoOOH. However, the
subsurface Fe dopant excessively weakened the OH* adsorp-
tion; accordingly, the AGo-AGon value appeared to the left side
of its optimal value on the volcano plot and the OER activity
decreased at the Co site above the subsurface Fe dopant. Final-
ly, we examined a surface Fe site; however, its activity was
lower than that of unary CoOOH. Overall, we concluded that
surface Fe doping enhanced the OER activity of CoOOH by
moderately destabilizing the OH* bonding. The calculated re-

sults were well consistent with the aforementioned experi-
mental findings. First, the kinetic studies confirmed the Co site
as the main active center for the OER, as theoretically predict-
ed. Second, the ultrathin 2D nanosheets of the CoiFeo2 LDH
exposed numerous Fe and Co surface sites and increased the
number of Co sites adjacent to Fe atoms. Finally, as FeOOH has
poor electrical conductivity, increasing the surface doping by
adding Fe atoms into the CoiFeoz LDH improved the
charge-transfer ability more compared with when more Fe
atoms were doped into the bulk of Co1Feo.2 NPs, thus facilitating
the OER kinetics. These findings support that di-p-oxo-bridged
Co-Co and di-p-oxo-bridged Fe-Co sites are the reaction centers
for the OER, as previously reported. [28] Here, we emphasize
that the main active sites are probably Co atoms. Our study
provides more details on the location of di-p-oxo-bridged Fe-Co
sites that should present at the CoFe LDH surface.

4. Conclusions

In summary, we report a simple solution-reaction method
for preparing ultrathin Co:Feo2 LDH nanosheets for an efficient
OER. The CoiFeo2 LDH nanosheets require an overpotential of
only 256 mV at 10 mA cm-2, which is superior to those of com-
mercial IrOz and most of the best-performing electrocatalysts
reported previously. The excellent OER performance of the
CoiFeo2 LDH is attributed to the ultrathin 2D nanosheets,
which provide abundant active sites and excellent
charge-transfer ability. Kinetic studies reveal that Co sites are
the main active centers for the OER on the CoiFeo2 LDH while
the Fe dopant lowers the reaction barrier. Theoretical calcula-
tions confirm that the lowest overpotential appeared on the

Fig. 5. (a) OER mechanism over a metal-oxide surface site M in an alkaline solution. (b) Predicted overpotentials (o) over various catalytic sites
overlaid on a theoretical volcano plot of the OER; Free-energy diagrams (FEDs) of the OER using FeOOH (c), CoOOH (d), Fe-CoOOH Co (e),
Fesui-CoOOH Co (f), and Fe-CoOOH Co (g) sites. The atomic models of OOH adsorbed on these sites are shown above their respective FEDs. The brown,

blue, red/pink, and green balls represent Fe, Co, O, and H atoms, respectively.
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surface Co sites adjacent to the Fe atoms. Therefore, these sur-
face Co centers are the expected active sites for the OER.

Electronic supporting information

Supporting information is available in the online version of
this article.
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