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Oxygen evolution reaction (OER) is a bottleneck half-reaction in many important energy conversion pro-
cesses (e.g., water splitting), and one of the key issues lies to develop high-efficiency, cost-effective OER
electrocatalysts. Rather than those popular extrinsic modulations of any catalysts with gradually
degraded performance, we aim at the utilization of the intermediates offered from the undergoing OER
as long-standing electrocatalysts. Herein, by inverted design, we extracted the bimetallic borides
(FeCoB2)-derived intermediates metal borates in the OER, unlocking their potential as a self-
functionalized highly active catalytic phase in-situ formed on the metal boride surface for continuing
OER operation. Mechanistically, the surface metal atoms are oxidized to oxyhydroxides, and the surface
metalloids (B) are further transformed to the corresponding oxoanions to form metal borates. Such OER
self-produced electrocatalyst exhibits a small overpotential of 295 mV at 10 mA/cm2 and its high cat-
alytic activity lasts even after 200 h. Compared with FeCoB2, the catalytic activity of this electrochemi-
cally activated FeCoB2 is �7 times higher. The in-situ formed metal borate is dominatingly responsible
for the obtained high catalytic activity. Such unique OER-produced self-functionalization surfaces of
metal borates afford to greatly reduce the energy barrier of the continuing OER, thereby accelerating
the reaction process.
� 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction Earth’s crust, which is much cheaper than other metal electrocata-
Water electrolysis (2H2O ! 2H2 þ O2)) powered by renewable
energy (e.g., solar and wind) provides a sustainable strategy for
large-scale production of hydrogen (H2) and recovery of chemical
energy from H2 [1–6]. Although its technical feasibility has been
demonstrated, an efficient process has not been realized, which
is mainly limited by the sluggish oxygen evolution reaction
(OER). In addition, the working environment of catalytic materials
during the OER is very harsh (e.g., strong acid/base and strong oxi-
dizing properties), which leads to the susceptibility of the material
surface to phase changes and atomic leaching [7,8]. Such scenarios
reduce the activity and stability of the electrocatalysts [9–12].
Breakthroughs will require the development of cost-effective and
efficient electrocatalysts [13,14]. In recent years, much effort has
been made to find transition metal-based (e.g., Mo, W, Co, Ni,
and Fe) OER catalysts [15–19]. Among them, iron has a significant
advantage. On the one hand, iron is the abundant metal in the
lysts. On the other hand, iron-based catalysts can serve as media-
tors for some biological processes in nature [20,21]. In inverted
design, rather than dealing with popular architectures of targeting
electrocatalysts, we aim to unlock the full potential of a multicom-
ponent material in circumstance of OER, with any possibility to
produce a reaction self-produced phase state for any continuing
and higher-efficiency OER, which is of great interests and
challenging.

Transition metal borides (TMBs) are a class of metalloid boron-
containing alloy compounds with well-defined stoichiometry and
organized crystal structures [22]. More importantly, TMBs exhibit
ionic, covalent, and metallic bonding behaviors, which endow
them with many unique physicochemical properties, such as
superconducting, high hardness and permanent magnetism [22–
25]. Recent studies have shown that single and mixed transition
metal borides are potentially effective electrocatalysts for water
splitting [26,27]. Moderately electronegative boron (vPauling = 2.04)
can reduce the energy barrier of metal oxidation reaction and facil-
itate charge transfer, so that metal borides/borates exhibit better
OER performance [26–30]. However, there remains a general lack
of knowledge upon unraveling the catalytically active phase of
reserved.
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metal boride-derived catalysts. It is usually believed that the cat-
alytically active phase is oxyhydroxide, while others hold a similar-
ity to the NiBi films [26–30]. Obviously, the precise role of guest
elements (B) in enhancing the catalytic performance of host transi-
tion metals has not been elucidated. So, it is an open question to in-
depth understanding the unique properties of these compounds
towards ultimately optimizing the performance of electrocatalysts.

Recently, structural transitions during OER processes have
received increasing attention, such as surface oxidation and surface
amorphization [27–30]. By a borothermal reduction method, we
synthesized bimetallic borides (FeCoB2) assisted by molten salts
and captured the FeCoB2-driven intermediates in the OER.Wemon-
itor that by unlocking the potential, such in-situ self-produced sur-
face state enables a higher-active OER. Such in-situ formation of
self-functional metal borate containing the oxyhydroxide has a
thickness of 5–15 nm on the FeCoB2 surface. Theoretical calculation
results show that the transformation of the non-metallic guest
greatly improves the OER activity of the electrocatalyst. This in-
situ formed film exhibits excellent OER activity and stability under
alkaline conditions (1 M KOH), requiring only an overpotential of
295 mV to reach a current density of 10 mA/cm2. In particular,
the Tafel slope of this delicate material is�84mV/dec and its excel-
lent catalytic activity remained even after 200 h of the continuous
OER operation. The OER activity of this electrochemically activated
catalytic material is �7 times higher than that of FeCoB2. Our work
motivates us to design a variety of metal borides as precursors and
in-situ build self-produced functional surfaces to enhance the activ-
ity of catalysts. Thus, it may provide a new strategy for designing
high-performance electrocatalytic materials for a wide range of
electrocatalytic reactions, e.g., OER.
2. Experimental

2.1. Experimental section

2.1.1. Chemicals and reagents
Potassium chloride (KCl), boron (B), ferric sesquioxide (Fe2O3),

boric acid (H3BO3) and Nafion� perfluorinated resin solution were
purchased from Aladdin Chemistry Co., Ltd. Cobalt oxide (Co2O3),
sodium chloride (NaCl), potassium hydroxide (KOH), iron chloride
hexahydrate (FeCl3�6H2O) and cobalt chloride hexahydrate (CoCl2-
�6H2O) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. RuO2 was purchased from Sigma-Aldrich. Highly purifiedwater
(>18 MX cm resistivity) was obtained from a PALL PURELAB Plus
system.

2.1.2. Synthesis of metal boride
The synthesis of FeCoB2 was carried out using molten salt-

assisted borothermal reduction. Fe2O3 (0.015 g), Co2O3

(0.0375 g), B (0.033 g), KCl (1.5 g) and NaCl (1.168 g) were fully
ground and put into crucible. The crucible was placed in a tube fur-
nace and heated at 1000 �C for 1 h at a heating rate of 10 �C/min.
This process is carried out under Ar gas conditions. After cooling
to room temperature, the calcined samples were washed 3 times
with warm water at 80 �C to remove inorganic salts and by-
products (ByOz). Final samples were washed with ethanol and dried
in a vacuum oven.

The synthesis process of FeB and CoB is similar to that of
FeCoB2. The difference between them is that the corresponding
metal oxide (Fe2O3, Co2O3) is not added during the synthesis.

2.1.3. Synthesis of FeCoBO4

FeCl3�6H2O (0.404 g), CoCl2�6H2O (0.291 g) and H3BO3 (0.47 g)
were fully ground and put into a crucible. The crucible was placed
in a tube furnace and heated at 300 �C for 2 h and 1000 �C for 8 h at
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a heating rate of 3 �C/min. This process is carried out under air con-
ditions. After cooling to room temperature, the calcined samples
were washed 3 times with deionized water. Final samples were
washed with ethanol and dried in a vacuum oven.

2.1.4. Characterizations
Powder X-ray diffraction (PXRD) of metal borides was

recorded on a Rigaku D/Max 2550 X-ray diffractometer. The
diffraction angle ranged from 10-80� and the scanning speed
was 7�/min. The scanning electron microscopy (SEM) images
were obtained with a HITACHI, SU8010 electron microscope.
Transmission electron microscopy (TEM) images were obtained
with a JEOL, JEM-2100F. Electron energy loss spectroscopy (EELS)
was recorded using a JEM ARM 300F GRAND ARM. The X-ray pho-
toelectron spectroscopy (XPS) was performed on a Thermo Scien-
tific K-Alpha + X-ray photoelectron spectrometer. Soft X-ray
emission spectrometer (SXES) was operated using X-ray spec-
trometer SS-94000SXES mounted on JSM-7900F [31]. The X-ray
absorption spectra (XAS) of Co K-edge and Fe K-edge were col-
lected at 4B9A diffraction experimental station in Beijing Syn-
chrotron Radiation Facility (BSFR). XANES data were normalized
by the Athena module of Demeter software packages. EXAFS data
were obtained by Fourier transform.

2.1.5. Electrochemical measurements
The electrochemical performance was investigated in a three-

electrode system using a CH Instrument (Model 660E). The Hg/
HgO electrode was used as the reference electrode in an alkaline
(1.0 M KOH solution) system, and the carbon rod was used as
the counter electrode. Metal borides are used as working elec-
trodes. The preparation method is as follows: (1) the 4 mg sample
was uniformly dispersed into 200 lL of isopropanol and 200 lL of
conductive polymer binder (0.3% Nafion solution); (2) drop 2 lL on
a glassy carbon electrode (GCE) with a diameter of 3 mm and let it
dry; (3) 2 lL of conductive polymer binder was dropped on it and
used as a working electrode after drying. The loading is
0.281 mg cm�2. N2 was continuously pumped into the electro-
chemical cell during the test. Linear sweep voltammetry (LSV)
measurements were made at a scan rate of 0.5 mV/s and 85% iR-
correction. Chronopotentiometry was used to evaluate the stability
of the material at a current density of 10 mA/cm2 and without iR-
correction. The potential was converted to the potential versus
reversible hydrogen electrode (RHE) under alkaline conditions
according to the following formula.

Evs RHE ¼ Evs Hg=HgO þ Eo
Hg=HgO þ 0:059pH ð1Þ

Calibration of the reference electrode was performed according
to the method reported by Boetter and co-workers [32]. For com-
parison, the catalytic activity of RuO2 was evaluated under the
same experimental conditions and loadings.

The jECSA (mA/cm2) was normalized by the electrochemical
active surface area (ECSA) according to the formula.

jECSA ¼ i � 100
ECSA

ð2Þ

where i is the current obtained after 85% iR-correction and ECSA is
the corresponding electrochemical surface area of the catalyst.

The ECSA of the catalysts was estimated from the value of its
electrochemical double layer capacitance (Cdl), as reported by Jar-
amillo and co-workers [33]. Cdl can be obtained by cyclic voltam-
metry (CV) at various scan rates (20, 40, 60, 80, 100, 110, 120,
130, 140 mV/s) in the voltage range of �0.106 and �0.206 V vs.
SCE. A linear trend was observed by plotting the difference in ano-
dic and cathodic currents (ianodic-icathode) at �0.156 V vs SCE versus
scan rate. Cdl is half the slope of the fitted line. Calculate the ECSA
value of the catalyst according to the formula.
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ECSA ¼ Cdl

Cs
ð3Þ

where Cs is the specific capacitance of the sample, which according
to literature is 0.04 mF/cm2 [33].

Electrochemical impedance spectroscopy (EIS) measurements
of the material were performed at a voltage of 0.606 V vs. SCE,
and a scanning frequency ranging from 100 kHz to 1 Hz.

2.2. Theoretical section

2.2.1. Computation details
All DFT calculations were performed using the Vienna Ab initio

Simulation Package (VASP) [34]. The projector augmented wave
(PAW) pseudopotential with the PBE generalized gradient approx-
imation (GGA) exchange correlation function was utilized in the
computations [35,36]. All energetics of metal oxides were calcu-
lated using the DFT with the Hubbard-U framework (DFT + U)
to account for strongly localized d-electrons for Fe, Ni. The
Hubbard-U correction terms were at Ueff(Co) = 3.32 eV and Ueff(-
Fe) = 5.3 eV as obtained via linear response theory. The cutoff
energy of the plane waves basis set was 500 eV and a
Monkhorst-Pack mesh of 1 � 1 � 1 was used in K-sampling. All
structures were spin polarized and all atoms were fully relaxed
with the energy convergence tolerance of 10�5 eV per atom,
and the final force on each atom was <0.05 eV/Å. Porbaix dia-
grams were calculated using Atomic Simulation Environment
(ASE) with input formation energy by DFT calculations of bulk
models [37].

The adsorption energy of reaction intermediates, can be com-
puted using the following Eq. (4).
Fig. 1. (a) A schematic showing the synthesis and the crystal structure of FeCoB2. (b) XRD
inset of corresponding fast Fourier transform (FFT) image and IFFT image. (d) EELS of Co
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DGads ¼ Eads � E� þ DEZPE � TDS ð4Þ
Where ads = (OH*, O*, OOH*), and (Eads-E*) is the binding energy,
DEZPE is the zero-point energy change, DS is the entropy change.
In this work, the values of DEZPE and DS were obtained by vibration
frequency calculation.

The Gibbs free energy of the five reaction steps can be calcu-
lated by the following four Eqs. (5)–(8):

OH� þ � $ HO�þ ð5Þ

DG1 ¼ DGHO� � DG� � GOH � eU

HO� þ OH� $ O� þH2O lð Þ þ e� ð6Þ

DG2 ¼ DGO� � DGHO� � GOH þ GH2O � eU

O� þ OH� $ OOH� þ e� ð7Þ

DG3 ¼ DGOOH� � DGO� � GOH � eU

OOH� þ OH� $ � þ O2 þH2O lð Þ þ e� ð8Þ

DG4 ¼ DG� � DGOOH� � GOH þ GH2O þ GO2 � eU

In this work, DG1-4 was calculated at U = 0.

3. Results and discussion

We synthesize FeCoB2 powders by a simple borothermal reduc-
tion of metal oxides under Ar atmosphere with the assistance of
pattern. (c) High-resolution transmission electron microscopy image (HRTEM) with
and Fe L3,2 edges, respectively, (e) B K-edges of FeCoB2.
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NaCl-KCl (see Experimental Section for details). The schematic dia-
gram of the synthesis process is shown in Fig. 1(a). Most metal oxi-
des have a relatively high melting point. In molten salt, metal
precursors are melted into monomers, which affords higher reac-
tivity and higher reaction rates [38]. FeCoB2 has an orthorhombic
structure with a Pnma space group. The X-ray diffraction (XRD)
patterns (Fig. 1b) indicate that our synthesized FeCoB2 was
phase-pure and highly crystalline (PDF# 612940). Transmission
electron microscopy (TEM) images reveal that the FeCoB2 surface
is wrapped by nanosheets (Fig. S1a and b). It can be seen from
the TEM image that the nanosheets are FeCoB2 with low crys-
tallinity (Fig. S1b). The inverse fast Fourier transform (IFFT) pattern
is inserted in Fig. 1(c), and we can observe lattice fringes with
interplanar spacings of 1.65 and 1.41 Å, corresponding to the

(1
�
2
�
0) and (21

�
0) planes of FeCoB2, respectively. The acute angle

between the two crystallographic planes is 57�, which is consistent
with the theoretical crystallographic data of FeCoB2. The results of
energy dispersive X-ray spectroscopy (EDS) elemental mapping
(Fig. S2) showed the uniform distribution of Fe, Co, and B elements.
Electron energy loss spectroscopy (EELS) spectra were extracted
from the edge of the sample in scanning transmission electron
microscopy (STEM) mode (Figs. 1d and e and Fig. S3). EELS shows
the pronounced Co and Fe L3,2 edges at �790 and 710 eV, respec-
tively [39,40]. B K-edge is �188 eV [41]. These EELS measurements
further demonstrated the presence of the three elements.

Linear sweep voltammetry (LSV) polarization curves of FeCoB2

were recorded (Fig. 2a), and the electrocatalyst was found to
exhibit continuous activation over 10 cycles. During activation,
its current density increased from 13 to 90 mA/cm2 at 400 mV
Fig. 2. (a) LSV polarization curves upon repetitive cycling for FeCoB2. (b) Pourbaix diagram
and FeCoBO4. (e) XANES spectra and (f) EXAFS spectra at the Fe L-edge of FeCoB2 before an
before and after the OER.
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vs RHE. Subsequent cycles of FeCoB2 lead to the same LSV curves
as the 10th cycle, indicating that the FeCoB2 forms a stable sur-
face state (steady-state FeCoB2 after OER is represented as the
activated FeCoB2). The activated FeCoB2 showed �7 times higher
activity compared to the initial one. To further clarify this activa-
tion process, we first calculate the Pourbaix diagram of FeCoB2 to
evaluate the thermodynamically stable structure in the high pH
region. As shown in Fig. 2(b), we observed that the most thermo-
dynamically stable species in the working environment (U = 1–
2 V vs RHE, pH 12–15) were CoOOH and FeBO3 or their combina-
tions. This result indicates that a phase transition readily occurs
under OER conditions, and the metallic host tends to form the
oxyhydroxides, while the boron is oxidized to the corresponding
metal borate.

To experimentally demonstrate this concept, we performed a
series of studies on FeCoB2 after OER. The TEM images for the
FeCoB2 after the OER in Fig. S4 show the presence of an amorphous
oxide layer with a thickness of 5–15 mm on the particle surface.
Then, we investigated the chemical state of FeCoB2 before and after
the OER by using X-ray photoelectron spectroscopy (XPS), with all
peaks calibrated with C 1s. The XPS peaks of Fe 2p and Co 2p
shifted to higher binding energies after the OER compared to those
before the catalytic reaction (Fig. S5). This result indicates that the
oxidation state of the metal in the FeCoB2 surface oxide layer is
slightly elevated after the OER [30,42,43]. We further investigated
the existence form of B in the oxide layer. For comparison, we also
measured FeCoBO4 with the same B-O structural unit as FeBO3 and
other forms of borates (Figs. S6 and S7a). The two peaks of B 1s in
the FeCoB2 before OER were assigned to the B-O and B0/B-M
of FeCoB2. (c) B 1s XPS and (d) B SXES spectrum of FeCoB2 before and after the OER
d after the OER. (g) XANES spectra and (h) EXAFS spectra at the Co L-edge of FeCoB2
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species, respectively (Fig. 2c). These results indicate that the sur-
face of the FeCoB2 before the OER has already been slightly oxi-
dized when exposed to the air. The B 1s spectrum of FeCoB2 after
the OER shows a peak at 192.4 eV, which only has the same peak
position as FeCoBO4 [27,28]. We also performed the Soft X-ray
emission spectrum (SXES) tests, and the B atom also exhibited
the same peak position as FeCoBO4 (Fig. 2d and Fig. S7b) [44].
The comparison of B1s XPS and SXES of FeCoB2 before and after
the OER revealed that the surface of FeCoB2 was further oxidized
during OER because the XPS peak of B in FeCoB2 disappeared.
The result also indicates that after the OER reaction, the stable
boron species on the surface of FeCoB2 is the borate and the B
atoms existed in the same form as FeBO3.

We further carried out X-ray absorption spectroscopy (XAS)
tests to observe the local electronic structure changes of metal
sites after OER. The Fe and Co K-edge X-ray absorption near-edge
structures (XANES, Fig. 2e and g) show that the samples after
OER have different electronic structures, indicating a change in
the phase and structure of the material surface. The Fe and Co K-
edge XANES spectra exhibit a positive energy shift, indicating that
the valence states of metal atoms increased after catalysis [45,46].
This is consistent with our XPS results. To further probe the origin
of these changes, we obtained the Fourier transform (FT) of the
extended X-ray absorption fine structure (EXAFS, Fig. 2f and h)
spectra. The activated FeCoB2 shows two FT features: (1) The
Fig. 3. (a) LSV curves toward OER of activated FeCoB2, FeB, CoB, and RuO2 in 0.5 M KOH el
from (a). (c) Comparison of ECSA and specific activities (the currents were normalized by
during OER of activated FeCoB2, FeB and CoB. (e) Chronopotentiometry curve of activ
performance of activated FeCoB2 with some non-noble metal boride OER catalysts [46–
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low-distance peak at �1.5 Å represents M�O and M�B backscat-
tering events. Since the interference periods of the two waves are
almost equal, the presence of boron in the first coordination sphere
is insignificant. However, it can be distinguished by a broader and
lower peak intensity [42]. (2) The peak at �2.5 Å originates from
the nearest neighboring transition metal (M�M). The fitting
parameters are summarized in Fig. S8 and Tables S1 and S2. It is
not difficult to find that the M�M bond of Fe atoms is significantly
longer, which is attributed to the phase transformation of iron to
form borate (FeBO3) on the material surface during the catalytic
reaction. The crystal structure of FeBO3 is shown in Fig. S9, and
its M�M bond length is larger than that in FeCoB2 (Table S3). How-
ever, the M�M bond of Co atoms has almost no change, due to the
formation of oxyhydroxide (CoOOH) by Co atoms on the surface of
the material after OER. The crystal structure and bond lengths of
CoOOH are shown in Fig. S10 and Table S3. In short, FeCoB2 acts
as a precursor and undergoes a phase transition on the surface at
a high oxidation potential, resulting in the transformation of the
metal to the corresponding oxyhydroxide and B in the form of
borate. This is also consistent with the following theoretical
calculation results.

The electrocatalytic activity for OER of activated FeCoB2 is
investigated in 1 M KOH solution. For comparison, several refer-
ence materials including FeB, CoB, and commercially available
RuO2 are also studied under the same conditions (see details about
ectrolytes at a scan rate of 1 mV/s with 85% iR-compensations. (b) Tafel plots derived
ECSAs) at 1.53 VRHE. (d) Electrochemical impedance spectroscopy (EIS) Nyquist plots
ated FeCoB2 at 10 mA/cm2 current density. (f) Comparison of the electrocatalytic
57].



Fig. 4. (a) Schematic illustration of four-step reaction mechanism for OER. (b) Free energy diagram. (c) The comparison thermodynamic overpotential for FeBO3, CoOOH,
FeCoB2 and FeCoBO3 at 1.23 V vs RHE.
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Electrochemical Measurements in the Experimental Section). Fig. 3
(a) shows the LSV curves towards OER with activated FeCoB2, FeB,
CoB, and RuO2 as electrocatalysts. It is worth noting that activated
FeCoB2 exhibits excellent catalytic activity compared to FeB and
CoB. Activated FeCoB2 can achieve a current density of 10 mA/
cm2 at an overpotential of 295 mV, which is superior to the com-
mercial RuO2 (330 mV). More precisely, at 1.65 V, the current den-
sities to activated FeCoB2, FeB, CoB and RuO2 reached 99, 3, 10 and
27 mA/cm2, respectively. This means that the catalytic activity of
activated FeCoB2 is �33, 10 and 3.7 times higher than that of
FeB, CoB and RuO2, respectively. Compared with the reported
non-noble metal boride and other transition metal-based electro-
catalysts, the activated FeCoB2 still shows higher catalytic activity
(Fig. 3f and Table S4). In addition, the Tafel slope of activated
FeCoB2 is �84 mV/dec (Fig. 3b), which are smaller than that of
RuO2 (99 mV/dec), and much smaller than FeB (101 mV/dec) and
CoB (125 mV/dec). This result demonstrates the faster OER cat-
alytic kinetics of activated FeCoB2. We further compared the intrin-
sic activity of activated FeCoB2, FeB and CoB by normalizing the
OER currents with respect to their electrochemical surface area
(jECSA). As shown in Fig. 3(c), their intrinsic activity followed the
same trend as the apparent activity. Fig. 3(d) shows the Nyquist
plots for activated FeCoB2, FeB and CoB. The values of series resis-
tance (Rs) and charge transfer resistance (Rct) for the three materi-
als were extracted and summarized in Table S5 by fitting the
experimental data to the corresponding equivalent circuit model
(Fig. S14). It is not difficult to find that the Rct and Rs values of acti-
vated FeCoB2 is smaller than the other two materials. This result
indicates that activated FeCoB2 has faster reaction kinetics and bet-
ter electrical transport properties. The chronopotentiometry (CP)
was used to measure the stability of the activated FeCoB2 catalysts
(Fig. 3e), which was stable at a current density of 10 mA/cm2 for
200 h. This result suggests that FeCoB2 has outstanding catalytic
stability. These results demonstrate that the activated FeCoB2 leads
to a significantly enhanced electrocatalytic activity for OER.

To exclusively clarify the effect of the in-situ formed surface
structure on the catalytic activity, we performed density functional
theory (DFT) calculations (see details about the Theoretical Sec-
tion in Experimental Methods). We calculated the adsorption ener-
gies of various key intermediates (*OH, *O and *OOH) at the (100)
face of the five models based on the 4e� mechanism proposed by
Nørskov et al. (Fig. 4a, Fig. S15) [58,59]. Fig. 4(b) shows a represen-
tative standard free energy diagram for all four-steps of OER at
zero potential (U = 0 V) and equilibrium potential (U = 1.23 V).
The largest reaction energies are considered potential-
determining step (PDS) [54,60]. As shown in Fig. 4(b), the PDS of
CoOOH is the deprotonation of *OH
(�OHþ OH� ! �OþH2Oþ e�) and CoOOH (2.07 V) exhibits a
514
higher reaction energy barrier at 1.23 V. The PDS of FeCoB2, FeBO3

and FeCoBO3 is the *OOH formation step (�Oþ OH� ! �OOHþ e�).
In contrast, FeCoBO3 (0.25 V) exhibited the lowest thermodynamic
overpotential at 1.23 V (Fig. 4c and Table S6). Therefore, theoretical
calculations clearly show that, the Fe site of FeCoBO3 has the best
OER activity among these five structures. These theoretical calcula-
tion results are consistent with our electrochemical testing. The
results show that the metal borate-containing films formed on
the FeCoB2 surface are indeed the active sites. The guest non-
metal elements affect the intrinsic activity of the metal sites and
greatly reduce the energy barrier of the OER reaction, which
enables the material to exhibit excellent catalytic activity.
4. Conclusions

In summary, we prepared FeCoB2 and observed a phase transi-
tion on the surface during OER. Combining theoretical calculations
and experimental characterizations, it demonstrates a proof-of-
concept that the in-situ formed self-functional surface composed
of metal borates is the catalytically active phase for the OER pro-
cess. Such favorable microstructural features of metal borates
enable to lower the OER energy barrier and thereof the materials
to exhibit excellent catalytic activity (295 mV) and stability
(200 h) in 1 M KOH. These findings provide new ideas for the
rational design of electrocatalysts for various electrocatalytic reac-
tions. For instance, with OER, instead of conducting that popular
extrinsic treatment or modulation, full utilization of the intermedi-
ates offered from the undergoing OER as long-standing electrocat-
alysts will inspire the next generation of electrocatalysts design.
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