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ABSTRACT

Oxygen evolution reaction (OER) is crucial for hydrogen production as well as other energy storage technologies. CoFe-layered
double hydroxide (CoFe-OH) has been widely considered as one of the most efficient electrocatalysts for OER in basic
aqueous solution. However, it still suffers from low activity in neutral electrolyte. This paper describes partially oxidized
CoFe-OH (PO-CoFe-OH) with enhanced covalency of M-O bonds and displays enhanced OER performance under mild
condition. Mechanism studies reveal the suitably enhanced M-O covalency in PO-CoFe-OH shifts the OER mechanism to
lattice oxygen oxidation mechanism and also promotes the rate-limiting deprotonation, providing superior OER performance. It
just requires the overpotentials of 186 and 365 mV to drive the current density densities of 1 and 10 mA-cm™ in 0.1 M KHCO;
aqueous solution (pH = 8.3), respectively. It provides a new process for rational design of efficient catalysts for water oxidation

in mild conditions.
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1 Introduction

Electrocatalytic water splitting into oxygen and hydrogen,
which is powered by renewable energy, plays a central role in
clean energy harvest, storage, and utilization [1, 2]. However,
it needs considerable energy consumption to drive the critical
half-reaction, the sluggish oxygen evolution reaction (OER)
(2H:0 > O: + 4H" + 4e7) with the complex proton-electron
transfer process [1-3]. Catalysts are urgently required to
accelerate the reaction kinetics and decrease the overpotential
and energy consumption efficiently [1-4].

Especially, OER under mild conditions, which can direct
electrolyze seawater for hydrogen production or couple the
CO: reduction reaction for CO. conversion, is promising for
large-scale environmentally friendly practical applications.
Boosting the OER activity in (near-)neutral electrolyte is urgently
demanded. Since 2008, Kanan et al. reported in situ formation
of cobalt-phosphate (Co-Pi) in 0.1 M KPi aqueous solution
(pH =7) containing Co** for efficient oxygen evolution,
showing a current density of ~ 1.25 mA-cm™ at 1.29 V vs. the
standard hydrogen electrode [5, 6]. After that, Ni-Bi was
prepared similarly and exhibited an overpotential of ~ 425 mV
at a current density of 1 mA-cm™in 0.1 M K;BsO; aqueous
solution at pH 9.2 [7]. Furthermore, Co-Bi [8], CoP@Co-Bi-Pi

[9], Ni-Bi [10], and Cos(POs), nanosheet [11], etc. [12-14]
were developed and showed high OER activities in mild
conditions.

Because of the attractive two-dimensional lamellar structure
and easily tunable metal centers, layered double hydroxides
(LDHs) have been revealed as promising OER catalysts over the
past few decades [15-22]. In particular, CoFe-layered double
hydroxide (CoFe-OH) has been revealed as one of the most
efficient OER catalysts [23-26]. However, it generally operates
in a basic aqueous solution, the activity in (near-)neutral
oxygen evolution electrolysis still needs to be improved [27].
Transition-metal oxyhydroxides can form in situ on the catalyst
during oxygen evolution electrolysis in basic aqueous solution
and are accepted as efficient OER catalysts [28-32]. However,
it is a challenge to generate transition-metal oxyhydroxides in
the (near-)neutral electrolyte, thus resulting in an inferior
OER performance [33-35]. We thus predict that transforming
CoFe-OH in an alkaline electrolyte can significantly enhance
its performance in (near-)neutral electrolytes.

In addition, although the presence of transition-metal
oxyhydroxides has been proposed to promote OER activity,
the role is still ambiguous and not well understood, because
the as-prepared catalyst is unstable and usually different from
that under OER in a basic electrolyte. Hence, it is hard to
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establish a structure-activity relationship [36]. A relatively
stable structure in mild condition may help to understand the
mechanism further.

Because CoFe-OH is one of the most efficient electrocatalysts
for OER, we employed CoFe-OH as an example catalyst in
our experiment. CoFe-OH, partially oxidized CoFe-OH (PO-
CoFe-OH), and highly oxidized CoFe-OH (HO-CoFe-OH) were
prepared for study. We found that PO-CoFe-OH gave a better
activity than HO-CoFe-OH and the original CoFe-OH. The
slightly enhanced M-O covalent bond in PO-CoFe-OH promoted
lattice oxygen oxidation and facilitated the deprotonation
for OER.

2 Experimental

2.1 Materials

Potassium hydrogen carbonate (KHCOs, > 99.5%) was obtained
from Guangfu Co., Ltd. (Tianjin, China). Iron nitrate nonahydrate
(Fe(NOs3)3-9H0, analytical reagent (AR)) was purchased from
Sinopharm. Cobalt nitrate hexahydrate (Co(NO:)»-6H-0, AR),
Urea (AR, 99%), ammonium fluoride (NH4E, 99.99%), and
potassium hydroxide (KOH, AR) were obtained from Aladdin
Ltd. (Shanghai, China).

2.2 Preparation of CoFe-OH, PO-CoFe-OH, HO-CoFe-
OH, and Cog.47Feg530xHy

CoFe-OH was prepared by a hydrothermal method [37]. Typically,
Co(NOs3)2:6H,0 (0.5 mmol), Fe(NOs)3-9H,O (0.5 mmol), urea
(5 mmol), and NH,F (2 mmol) were dissolved in DI water (18 mL)
to form a precursor solution. Subsequently, the prepared
solution was transferred into a Teflon-lined (23 mL) stainless
steel vessel. After that, the NF (2 cm X 3 cm) was vertically
placed in the vessel and then maintained at 120 °C for 6 h.
After cooling to room temperature, the CoFe-OH on NF was
rinsed with DI water and ethanol, and then dried at 60 °C for
12 h. To prepare PO-CoFe-OH, CoFe-OH (1 cm?) was employed
as the anode and treated through cyclic voltammetry (CV)
in 1M KOH (60 mL) at the potential window of 0-1 V vs.
Hg/HgO with a scan rate of 50 mV-s™ to reach a stable state. Pt
mesh was employed as the counter electrode. The preparation
of HO-CoFe-OH is similar to that of PO-CoFe-OH except
that 1 M KOH was replaced by 8.8 M KOH. The catalyst
loadings were determined by weighing the mass of bare NF
and that NF with catalysts. The loadings of CoFe-OH, PO-
CoFe-OH, and HO-PO-CoFe were ca. 2.4, 1.9, and 1.6 mg-cm™,
respectively. The loading of PO-CoFe-OH and HO-CoFe-OH
was slightlY reduced due to the fall off during the preparation.

Cou.7Febs:0:H, was prepared by electrodeposition through
the NO;™ reduction induced pH rise. The electrodeposition
was conducted in 80 mL electrolyte with 50 mM Co(NO:s), and
35 mM Fe(NO:;); at —1 V vs. Ag/AgCl for 300 s. The molar ratio
of Co/Fe was determined to be 0.47/0.53 by inductively coupled
plasma-optical emission spectroscopy (ICP-OES). The loading
of ConarFensO:H, is ca. 1.8 mg-cm ™.

2.3 Material characterization

X-ray diffraction (XRD) patterns and scanning electron
microscopy (SEM) images were obtained from a Bruker D8
advance diffractometer (Cu-Ka radiation, A = 1.5418 A) and a
Hitachi SEM (SU8010, Japan), respectively. Transmission electron
microscopy (TEM) images were carried out on a JEOL-2100F
instrument (Japan, 200 kV). X-ray photoelectron spectroscopy
(XPS) analysis was conducted on an ESCALAB 220i-XL
spectrometer (VG Scientific, Sussex, UK) with Al-Ka radiation
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(hv = 1,486.6 €V, 150 W). Raman spectra were obtained on a
Renishaw Raman spectrometer equipped with a green laser
(532 nm).

2.4 Electrochemical measurements

The electrochemical measurements were performed in a standard
three-electrode system connected to a Princeton electrochemical
workstation (PARSTAT MC, Princeton, Oak Ridge, TN, USA).
Ag/AgCl (saturated with KCI) and Pt mesh were employed as
reference electrode and counter electrode, respectively. Linear
sweep voltammetry (LSV) curves were collected in 0.1 M
KHCO: at a scan rate of 2 mV s™. All of the potentials were
converted to the reversible hydrogen electrode scale by the
equation: E (V vs. RHE) = E (V vs. Ag/AgCl) + 0.197 + 0.059 x
pH. iR-drop compensation was added except for that mentioned.
Electrochemical impedance spectroscopy (EIS) data were collected
under the frequency range of 100 kHz to 0.05 Hz. Before the
electrochemical test, the potential of Ag/AgCl reference electrode
was checked by measuring the open circuit potential with the
as-received standard Ag/AgCl electrode in 0.1 M KCl aqueous
solution. The open circuit potential between Ag/AgCl reference
electrode and standard Ag/AgCl should less than 1 mV.

2.5 Operando Raman spectroscopy test

Operando Raman spectroscopy was collected in a custom-
built Teflon cell (Shanghai Chuxi Industrial Co., Ltd.) connected
with an electrochemical workstation (CHI660E) (Fig. S26 in
the Electronic Supplementary Material (ESM)). Pt wire and
Ag/AgCl (3.5 M KCI) were employed as counter electrode
and reference electrode, respectively. The electrolyte was 0.1 M
KHCO:; aqueous solution. The Raman spectra were collected
at 1.3 and 1.5 V vs. RHE (without iR-drop compensation) by the
spectrometer equipped with a green laser (532 nm).

2.6 Computational details

In this paper, the density functional theory (DFT) plus Hubbard-U
(DFT + U) methods with a plane wave basis set through
CASTEP module [38] were employed to view the free energy
variation for O: evolution on CoFe-LDH/CoFeOOH interfaces.
Meanwhile, the H,O solvation models built through amorphous
cell were introduced to simulate the affection from the solvents.
Here, the effective U was fixed as 4.4 eV, 6.4 eV, and 4.3 eV for
Co®, Co™, and Fe, respectively [18, 39]. The Perdew-Burke-
Ernzerhof (PBE) function of generalized gradient approximation
(GGA) as exchange-correlation potential was adopted for the
geometry optimization [40]. The ionic cores were pictured
with norm conserving pseudopotential with a plane-wave
basis cutoff energy of 900 eV, and the way relativistic effects
were incorporated into Koelling-Harmon. The Brillouin zone
integrations were approximated using the special k-point
sampling scheme of Monkhorst-Pack [41, 42]. The k-point grids
were used with 4 x 4 x 2 for primitive cell and the supercell
was built with 4 x 4 x 1 range with 1 x 1 x 1 k-point grids
calculations. The density mixing minimization method was
selected for the electronic minimizer. The convergence was
assumed when the convergence tolerance of energy, maximum
force, and maximum displacement were respective less than
5.0 x 10 eV-atom™, 0.03 eV-A"',and 1.0 x 10 A.

Adsorbed groups and the top three atomic layers were
allowed to relax to the minimum in the enthalpy without any
constraints. The vacuum space along the z-direction was set to
be 15 A, which is enough to avoid interaction between the two
neighboring images.

Free energy change (AG) of the reaction was calculated as
the difference between the free energies of the initial and final
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states as shown below:

AG = AE + AZPE — TAS

where E, ZPE, and S are the calculated energies by DFT, the
zero-point energy, and the entropy, respectively.

3 Results and discussion

3.1 Structural characterization

CoFe-OH was prepared on nickel foam by a hydrothermal
strategy (Fig. S1(a) in the ESM). The XRD pattern shows typical
diffraction peaks of CoFe-LDH, revealing the successful
preparation of CoFe-OH (Fig. S2 in the ESM) [23]. As shown
in Fig. S3 in the ESM, SEM and TEM images demonstrate that
the layered CoFe-OH was obtained. The lattice distances of
2.66 + 0.03 A, which correspond to (012) facet of CoFe-OH,
were observed in the high-resolution TEM (HR-TEM) image
(Figs. S3(c), S$4, and S11 in the ESM). Energy-dispersive X-ray
spectroscopy (EDS) mapping and line scanning confirmed the
homogeneous distribution of Co, Fe, and O elements (Figs. S3(d)
and S3(e) in the ESM).

PO-CoFe-OH and HO-CoFe-OH were fabricated by
oxidizing CoFe-OH through CV in 1 M KOH and 8.8 M KOH,
respectively, at the potential window of 0-1 V vs. Hg/HgO for
several cycles to reach a stable state (Fig. 1(a)). XRD patterns
show the inferior crystallinity of PO-CoFe-OH and HO-PO-CoFe,
implying CoFe-OH was oxidized and converted into long-
range disordered CoFe oxyhydroxide (Fig. S2 in the ESM).
CoFe oxyhydroxide has been previously revealed as a stable
state under open circuit [25]. The long-range disordered
structure has been mentioned to boost the electrochemical
surface area of the catalysts and facilitate OER [37, 43]. XRD
patterns were collected at lower scan rates to gain more
crystalline information of PO-CoFe-OH and HO-CoFe-OH
(Fig. S5 in the ESM). It can be found in Fig. S5 in the ESM
that all diffraction peaks shifted to higher degrees from
CoFe-OH to PO-CoFe-OH and HO-CoFe-OH. The results
indicate a gradual decrease of the atom distance along with the
conversion of CoFe-OH to PO-CoFe-OH and HO-CoFe-OH.
SEM and TEM characterization revealed that the morphology
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Figure 1 (a) Schematic fabrication of PO/HO-CoFe-OH via in situ
conversion of CoFe-OH in KOH aqueous solution. (b) HR-TEM image of PO-
CoFe-OH, inset in the top left corner shows the metal atoms arrangement
model. (c) High-angle annular dark-field TEM (HAADF-TEM) image and
element mapping of PO-CoFe-OH. (d) Co XPS spectra and (e) Raman
spectra of CoFe-OH, PO-CoFe-OH, and HO-CoFe-OH.
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of PO-CoFe-OH was maintained and still presented as the
nanosheet structure (Fig. S6 in the ESM). Meanwhile, HR-TEM
image shows that PO-CoFe-OH is short-range ordered, and
the lattice distance of (012) is slightly reduced to 2.46 + 0.07 A
(Fig. 1(b) and Fig. S11 in the ESM). Besides, elemental mapping
and line scanning profile reveal that the Co, Fe, and O elements
are uniformly distributed (Fig. 1(c) and Fig. S7 in the ESM).
As displayed in Figs. S8(a)-S8(c) in the ESM, SEM and TEM
images also reveal a similar sheet-like structure of HO-CoFe-OH.
EDS mapping and line scanning profile also indicate the uniform
distribution of Co, Fe, and O elements (Figs. S8(d)-S8(f) in
the ESM). The layer thickness of the catalysts was determined
by atomic force microscope (AFM). CoFe-OH, PO-CoFe-OH,
and HO-CoFe- OH show a similar thickness of ca. 5 nm (Fig. S9
in the ESM). ICP-OES analysis confirms that the contents of Co
and Fe are slightly reduced from CoFe-OH to HO-CoFe-OH,
similar to the change of catalysts loading mentioned above,
and the molar ratios of Co/Fe are close to 1 in all three samples
(Table S1 in the ESM). The lattice distance of (012) in HO-
CoFe-OH was further reduced to 2.36 + 0.02 A, evidenced by
the HR-TEM image (Figs. S10 and S11 in the ESM). The decrease
of the lattice distance can be attributed to the shortening
of M-O covalent bond derived from the strengthen of M-O
covalency (details are shown below).

XPS was performed to reveal the chemical states of Co, Fe,
and O. As shown in Fig. 1(d), the percentage of Co** for
CoFe-OH, PO-CoFe-OH, and HO-CoFe-OH are increased
from 0 to ca. 50% and ca. 75%, respectively (Co** at ca. 779.8 eV
and Co®" at ca. 781.3 eV) [44-46]. As displayed in Fig. S12 in
the ESM, Fe elements are in the valence of +3 in all samples [44].
The peak of O*" increased in PO-CoFe-OH and HO-CoFe-
OH, demonstrating the formation of CoFe oxyhydroxide
(Fig. S13 in the ESM) [29, 47]. Furthermore, Raman spectra were
employed to evaluate the structure of the catalyst further. As
displayed in Fig. 1(e), two peaks centered at ca. 453 and 528 cm™,
which were assigned to the stretching modes of M-O, were
observed for CoFe-OH [48, 49]. The peak at lower wavenumber
became slightly more prominent after oxidation in 1 M KOH,
demonstrating CoFe-OH was partially converted to CoFeOOH
[50]. As the concentration of the treating KOH solution further
increased to 8.8 M, the peaks shifted to an even higher
wavenumber, and the peak at lower wavenumber became more
prominent, implying CoFe-OH was highly oxidized to CoFeOOH
[50]. Obviously, the Raman peaks shifted to higher wavenumbers
from CoFe-OH to PO-CoFe-OH and then HO-CoFe-OH,
which powerfully demonstrate that M-O covalent bonds were
enhanced associated with the oxidation of CoFe-OH [51-53],
agreeing well with the decreased lattice distance evidenced by
XRD patterns and HR-TEM images. As the lamellar structure
of CoFe-OH may disappear in PO/HO-CoFe-OH, it may affect
the Raman spectra. To exclude the effect of lamellar structure on
Raman spectra, we compared the Raman spectra of CoFe-OH
before and after exfoliation. The exfoliation of the CoFe-OH
was obtained by dispersion of the CoFe-OH powder in
formamide with a concentration of 1 mg-mL™" under N, flow.
We find the Raman spectra of exfoliated CoFe-OH is similar
to the as-prepared CoFe-OH, confirming the shift of Raman
spectra is caused by the strengthen of M-O covalency (Fig. S14
in the ESM).

Moreover, we also conducted X-ray absorption spectroscopy
(XAS) to further illustrate the structure of the catalysts (Fig. 2,
and Figs. S15-S21 in the ESM). As shown in Fig. 2(a), the Co
K-edge X-ray absorption near edge structure (XANES) spectrum
of CoFe-OH gives a pre-edge feature at 7,709.5 eV and a sharp
intense white line at 7,727.3 eV, clearly indicating a dominating
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Figure 2 (a) Co K-edge and (b) Fe K-edge XANES spectra of CoFe-OH, PO-CoFe-OH, and HO-CoFe-OH. (c)-(e) Fourier transform of Co K-edge, (f) Co-O
distance, and (g) Co-Fe distance of CoFe-OH, PO-CoFe-OH, and HO-CoFe-OH.

contribution of Co** in octahedral coordination [25]. The binding
energy of Co K-edge shifts to higher values from CoFe-OH
to PO-CoFe-OH and then HO-CoFe-OH, demonstrating the
valence of Co gives an incremental trend. The XANES results
further reveal the formation of CoFeOOH in PO/HO-
CoFe-OH. Fe K-edge show that the valence states of Fe are
the same as +3 valence, which is also consistent with the XPS
results (Fig. 2(b)). The Fourier transform of the extended
X-ray absorption fine structure spectroscopy (EXAFS) was
employed to explore the atomic configuration of the samples. In
the Co(Fe) R-space spectra (Figs. 2(c)-2(g) and Figs. S15-520
in the ESM), the peaks centered at 2-3 A originate from the
Co-Fe shell and the peaks centered at 1-2 A from the Co(Fe)-O
shell. The Co(Fe)-O distance and Co-Fe distance appeared
with a decreased trend from CoFe-OH to PO-CoFe-OH and
then HO-CoFe-OH, further demonstrating the enhanced

covalency of M-O bond associated with the conversion of
CoFe-OH to CoFeOOH [25, 54]. We also note that the con-
tribution of Co-Fe shell possesses a decreasing trend from
CoFe-OH to PO-CoFe-OH and then HO-CoFe-OH, revealing
the structure becomes long-range disordered associated with
the contraction of the M-O bond.

3.2 Oxygen evolution reaction performance

The OER performance of CoFe-OH, PO-CoFe-OH, and HO-
CoFe-OH were evaluated in 0.1 M KHCO:s solution using a
standard three-electrode system with Ag/AgCl (saturated KCl) as
the reference electrode and Pt mesh as the counter electrode.
PO-CoFe-OH needs an overpotential of only 186 mV to drive
a current density of 1 mA-cm™, which is 48 and > 184 mV
lower than HO-CoFe-OH and CoFe-OH, respectively, demon-
strating the superior OER performance of PO-CoFe-OH (Fig. 3(a)).
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Figure 3 (a) LSV curves, (b) Tafel plots, (c) EIS plots at 1.29 V vs. RHE, (d) Ca calculations, and (e) Ca normalized LSV curves of CoFe-OH,
PO-CoFe-OH, and HO-CoFe-OH. (f) Stability test of PO-CoFe-OH at the current density of 10 mA-cm™.
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In addition, PO-CoFe-OH just needs an overpotential of 365 mV
to drive a current density of 10 mA-cm™?, which is superior
to most of the reported catalysts (Table S4 in the ESM).
Consistently, the Tafel-slope analysis reveals the faster mass-
transfer kinetics of PO-CoFe-OH (Fig. 3(b)). EIS analysis also
revealed PO-CoFe-OH exhibits a smaller charge transfer
resistance (Fig. 3(c) and Figs. S22-S24).

The electrochemical surface area (ECSA) is a critical factor
to impact the catalytic performance. Double-layer capacitance
(Ca) was conducted to represent the ECSA. As shown in Fig. 3(d)
and Fig. $25 in the ESM, the HO-CoFe-OH had a Ca value
of 0.735 mF-cm™, which is ca. 1.2 and 3.0 times of that of
PO-CoFe-OH (0.613 mF-cm™) and CoFe-OH (0.249 mF-cm™),
respectively. The results are consistent with that the long-range
disordered structure could help to expose more active sites
and promote OER activity [37, 43]. It is critical to exclude
the effects of ECSA for further understanding the intrinsic
OER of the catalysts. The LSV curves were normalized by
Ca and shown in Fig. 3(e) [55]. The results showed that PO-
CoFe-OH gave the most efficient intrinsic activity, followed
by HO-CoFe-OH and CoFe-OH. We also evaluated the mass
activity of these catalysts (Fig. S26 in the ESM). The results
also revealed PO-CoFe-OH exhibited the best mass activity.
The LSV curves normalized by the contents of Co and Fe
further evidenced PO-CoFe-OH exhibited the best intrinsic
performance.

Moreover, the robust stability of PO-CoFe-OH was also
tested by chronopotentiometry (Fig. 3(f) and Fig. S27 in the
ESM). The SEM image, Raman spectra, TEM/HRTEM images,
and XRD pattern of PO-CoFe-OH after the stability test also
demonstrated the robust structure stability (Fig. S28 in the
ESM). We have collected the electrolyte of PO-CoFe-OH
after stability test (50 h, 10 mA-cm™ in 80 mL electrolyte) for
ICP-OES analysis. The Co and Fe ions concentrations are as
low as 0.044 ppm and 0.052 ppm, respectively. The dissolution
rate of Co and Fe can be calculated to be as small as 0.070 and
0.083 ug-cm™h™", respectively, revealing the dissolution of
Fe and Co can be ignored during the catalytic reaction under
mild condition. Because CO. reduction is one of the most
critical applications for OER, the performance of the catalysts
was further evaluated in CO»-saturated 0.1 M KHCOs aqueous
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solution (pH = 6.9), and a current density of 10 mA-cm™
was achieved at an overpotential of 428 mV on PO-CoFe-OH,
which is one of the most efficient catalysts among the reported
ones (Fig. S29 and Table S4 in the ESM). Amorphous CoFe
oxyhydroxide (Co t4Fe'5:0,H,) on Ni foam was directly
prepared for comparison with the PO-CoFe-OH (Figs. S30(a)-
$30(d)). The oxidation peak of Co* is larger in Co g.47Fe](I)FS3OxHy)
and it can be attributed to the amorphous structure of
Coo4Fels0.H, facilitate the oxidation of Co?* [56]. PO-CoFe-
OH also gives a better performance than the directly prepared
Coo47Fets:0:H,, further verifying the crucial role of partial
oxidized state of PO-CoFe-OH.

3.3 Oxygen evolution reaction mechanism

Operando Raman spectra were collected to further understand
the outstanding performance of PO-CoFe-OH (Figs. 4(a)-4(d)
and Fig. S31 in the ESM). As shown in Figs. 4(b)-4(d), two
Raman peaks placed at 400 ~ 500 cm™" originated from the
intrinsic structure of CoFe-OH, PO-CoFe-OH, and HO-CoFe-
OH are observed at open circuit, which is similar to that
observed ex situ. Under the bias of 1.3 and 1.5V, the shape of
the two peaks shows no change, revealing that the structures
are stable under OER in mild condition. In addition, two new
Raman peaks at 1,013 and 1,086 cm™, are clearly observed on
PO-CoFe-OH, where no other obvious peak is observed on
CoFe-OH and HO-CoFe-OH (Figs. 4(b)-4(d)). The two peaks
correspond to the critical surface superoxide intermediate
(MOO"), which reveals that PO-CoFe-OH catalyze through the
lattice oxygen oxidation mechanism (LOM) (Fig. 5(a)) [29, 33, 57].
The LOM, involving the direct O-O coupling, can circumvent
the limitation provided by conventional adsorbate evolution
mechanism (AEM) of highly dependent with the adsorption
of the intermediates and give superior performance [29].

An isotope labeling experiment was further performed to
understand the OER mechanism. The Raman spectra of PO-
CoFe-OH after electrolysis in 0.5 M H,"*O and 0.1 M KHCO;
aqueous solution at the current density of 5 mA-cm™ for 10 min
shows red shift, implying '®O was incorporated in the lattice of
PO-CoFe-OH, and further confirm the LOM of PO-CoFe-OH
(Fig. 4(e)). The LOM is strongly correlated with the M-O
covalency [29, 51, 58]. Thus, the appropriately strengthened
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Figure 4 (a) Electrochemical cell for operando Raman spectra collecting. operando Raman spectra of (b) CoFe-OH, (c) PO-CoFe-OH, and (d) HO-CoFe-OH.
(e) The Raman spectra of the as prepared PO-CoFe-OH and that after electrolysis in 0.5 M H>'*O and 0.1 M KHCO; aqueous solution at the current
density of 5 mA-cm™ for 10 min. (f) The pH-dependent potential of the samples collected at the current density of 0.5 mA-cm™; the pH of the electrolyte

was regulated by mixing 0.05 M K.COs and CO; saturate 0.1 M KHCOs.
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M-O covalency in PO-CoFe-OH is highly expectedly responsible
for the change of the mechanism and exhibiting superior
performance [59]. In addition, due to the rate-determined
pH-dependent deprotonation step of LOM, the OER activity
is greatly dependent on pH values and usually displayed
unsatisfactory performance under (near-)neutral electrolyte
[29, 51, 58]. We further evaluate the effects of pH on the activity
(Fig. 4(f)). Unexpectedly, we found PO-CoFe-OH gave a more
pH-independent activity compared with CoFe-OH and HO-
CoFe-OH, revealing the deprotonation step was significantly
promoted on PO-CoFe-OH.

DFT + U calculations were employed to calculate the Gibbers
free energy of the elementary steps of LOM and AEM to
understand the process of OER on PO-CoFe-OH (Figs. 5(a)
and 5(c) in the ESM). The models of CoFeOOH/CoFe-OH
were established for the representation of PO-CoFe-OH.
Similar to the previous reported, Fe** is considered as the active
center for AEM calculation [60-62]. As displayed in Figs. 5(b)
and 5(d), the rate-determined step is step 2 for LOM and step 3
for AEM. The values of AG: for LOM (1.80 €V) is less than that
of AGs for AEM (2.47 eV), revealing that PO-CoFe-OH favors
oxygen evolution through LOM.

%: 04
LoM A
OH- /G <
0, \AG, AG, 9 154 55
2\\ LZOW, < AG,
(I)H

A\ 004
0-M-00 0-M-0
NGy
o OH- Reaction coordinate
() on (d)
i s . ‘ 6.0
H07 46 \ 45 @ﬂ@’
- N < 3.0 4
s "I" N AEM M i *@ AG,
Q »
/ )

Reaction coordinate

Figure 5 (a) Proposed LOM oxygen evolution process; the red marked is
MOO". (b) Free energy diagram of PO-CoFe-OH for OER with LOM.
(c) Proposed AEM oxygen evolution process. (d) Free energy diagram of PO-
CoFe-OH for OER with AEM. O: red, H: white, Co: blue, Fe: dusty blue.
Oxygen and hydrogen for reaction are marked as yellow and green,
respectively.

4 Conclusions

In conclusion, this paper describes that PO-CoFe-OH gives
enhanced performance for OER in mild conditions. The over-
potentials at current densities of 1 and 10 mA-cm™ are as low
as 186 mV and 365 mV, respectively, in 0.1 M KHCO; aqueous
solution (pH = 8.3). Mechanism study reveals that the slightly
enhanced M-O covalency in PO-CoFe-OH shifts the OER path
from AEM to LOM, and the deprotonation is also promoted,
both contribute to the enhanced activity. In addition, we find
the oxidation of hydroxide is a general route to strengthen the
M-O covalency and boost the OER activity (Figs. $32-535 in the
ESM). It provides a new insight for the preparation of efficient
OER catalysts for mild condition electrolysis.
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