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Abstract: Developing highly active catalysts for the oxygen
evolution reaction (OER) is of paramount importance for
designing various renewable energy storage and conversion
devices. Herein, we report the synthesis of a category of Co-Pi
analogue, namely cobalt-based borate (Co-Bi) ultrathin nano-
sheets/graphene hybrid by a room-temperature synthesis
approach. Benefiting from the high surface active sites
exposure yield, enhanced electron transfer capacity, and
strong synergetic coupled effect, this Co-Bi NS/G hybrid
shows high catalytic activity with current density of
10 mAcm¢2 at overpotential of 290 mV and Tafel slope of
53 mVdec¢1 in alkaline medium. Moreover, Co-Bi NS/G
electrocatalysts also exhibit promising performance under
neutral conditions, with a low onset potential of 235 mV and
high current density of 14.4 mAcm¢2 at 1.8 V, which is the best
OER performance among well-developed Co-based OER
electrocatalysts to date. Our finding paves a way to develop
highly active OER electrocatalysts.

The increasing environmental problem and energy crisis has
sparked a mass of research efforts in exploring alternative
energy storage and conversion system.[1] Hydrogen has been
regarded as a clean alternative energy owing to the high
energy output and green combustion products.[2] Electro-
chemical water splitting is a promising technology to convert
electric energy into chemical fuels stored by hydrogen.[3]

However, the overall water splitting efficiency is greatly
impeded by the oxygen evolution reaction (OER) owing to
the sluggish kinetics derived from a multistep proton-coupled
electron transfer process.[4] For this reason, many electro-
catalysts have been explored to lower the requirement of
overpotential and expedite the OER reaction kinetics pro-
cess, and thereby improve the efficiency of water oxidation.[5]

To date, the most active OER electrocatalysts are noble metal
oxides (RuO2 or IrO2), but their large-scale application has
been greatly hindered because of their high cost and
scarcity.[6] Therefore, it is highly desirable to develop effective
non-noble metal OER electrocatalysts to enhance the energy
conversion efficiency of water oxidation.

In nature, the oxygen-evolving complex (OEC) that
consists of manganese and calcium is well known as a water
splitting complex.[7] Biomimetically, a new category of
artificial water oxidation electrocatalysts with amorphous
features composed of cobalt, oxygen, and inorganic phos-
phate, namely cobalt–phosphate (Co-Pi) OEC, have attracted
significant attention owing to its low cost, self-repair mech-
anism, high intrinsic activity, and superior stability.[8] For
example, an amorphous Janus nanoparticulate cobalt–oxide
film (O2-CoCat) electrocatalyst formed by electrodeposition
exhibits enhanced electrocatalytic performance.[9] Moreover,
nanostructured cobalt metaphosphate (Co(PO3)2) materials
prepared by the thermolytic molecular precursor approach
shows low onset potentials and comparable turnover fre-
quency in neutral conditions.[10] However, the low surface
active site exposure yield and time-consuming synthesis
process greatly limited the large-scale practical application
of Co-Pi electrocatalysts for OER.

Two-dimensional (2D) ultrathin nanosheets, as promising
structure motif for OER, have attracted remarkable attention
owing to the realization of synergetic improvement of active
surface area and intimate contact with support electrodes.[11]

Meanwhile, graphene sheets, as accessible 2D materials with
high electrical conductivity, not only can enhance the electron
transfer but also provide a desired support to protect the
in situ growth of nanosheets from agglomeration.[12] In this
regard, developing a new category of Co-Pi analogue/gra-
phene hybrid with 2D ultrathin morphology is highly
desirable for water oxidation. Herein, we report a room-
temperature chemical route to design a Co-Pi analogue,
namely amorphous Co-Bi ultrathin nanosheet/graphene
hybrid (denoted as Co-Bi NS/G), as a highly active OER
electrocatalyst both in alkaline and neutral media. Benefiting
from the high exposed surface active sites, enhance electron
transfer capacity and strong synergetic coupled effects, Co-Bi

NS/G hybrids exhibit highly efficient OER electrocatalytic
activity with overpotential of 290 mV at a current density of
10 mAcm¢2 and Tafel slope around 53 mVdec¢1 in alkaline
medium. Furthermore, this Co-Bi NS/G hybrid achieves
a very low onset potential of 235 mV and high current density
value of 14.4 mAcm¢2 at 1.8 V versus RHE under neutral
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condition, which is the best performance among reported
cobalt-based OER electrocatalysts to date.

In this study, the amorphous Co-Bi ultrathin nanosheet/
graphene hybrid was synthesized by a facile chemical syn-
thesis method at room temperature (Scheme 1). The mor-

phology and composition were first evaluated by the field
emission scanning electron microscopy (FE-SEM) and the
transmission electron microscopy (TEM). As shown in Fig-
ure 1a–c and Figure S5, the SEM images of as-prepared Co-Bi

NS/G product exhibit uniform nanosheet morphology with
a lateral size of several micrometers and further TEM images
confirm the existence of small nanosheets grown on graphene
(Figure 1d,e). In contrast, the SEM and TEM images of the
simple Co-Bi product shows a hierarchical structure com-
prised of aggregated ultrathin nanosheets (Supporting Infor-
mation, Figure S6,7). Moreover, in Figure 1 f, the EDS
mapping characterizations demonstrated the homogenous
distribution of Co (purple), B (green), O (blue) and C (red) in
the as-prepared Co-Bi NS/G product.

The structure information of Co-Bi NS/G hybrids and
simple Co-Bi product were further investigated by X-ray
diffraction (XRD) and Raman spectrum. As shown in
Figure 2a, the XRD pattern of Co-Bi NS/G hybrids exhibit
only one peak of graphene, indicating an amorphous structure
Co-Bi ultrathin nanosheets. Moreover, the Raman spectra
analysis gives further evidence for the amorphous character
of Co-Bi nanosheets. As shown in Figure 2b, there are no
characteristic peaks of Co-Bi, and only two prominent bands
located at 1590 cm¢1 and 1350 cm¢1 that correspond to the
vibration of sp2-bonded carbon atoms and the dispersive,
defect-induced vibrations, respectively, revealing amorphous
character for the Co-Bi product (Figure S3, S4).[13] Further
information on the composition and valence state of the
samples was obtained by X-ray photoelectron spectroscopy
(XPS). Figure S9a shows the survey XPS spectrum, which
clearly indicated that the sample consists of Co, B, O, and C.
The high-resolution core spectrum of Co 2p is shown in
Figure 2c, the peak at 781.4 and 797.2 eV core levels are

observed, which is consistent with the Co2+ of the as-prepared
Co-Bi electrocatalyst.[14] In the B regions, a sharp character-
istic peaks with 192.1 eV binding energy, which can be
assigned to the 1s core levels of B3+ in borate species
(Figure 2d and Figure S11b).[15] Moreover, a peak at the
binding energy of 531.7 eV can be ascribed to the O1s signals
(Figure 2e).[14] The resulting Co/B/O ratios of Co-Bi NS/G are
ca. 1.47:1:4.16, which can further be achieved by calculated

Scheme 1. The synthesis of Co-Bi nanosheets grown in situ on gra-
phene sheets at room temperature.

Figure 1. a,b) The low-resolution and c) high-resolution SEM images of
Co-Bi NS/G product. d) The low-resolution and e) high-resolution TEM
images of Co-Bi NS/G product (white arrows point at some Co-Bi

nanosheets). f) The EDS mapping images of as-prepared Co-Bi NS/G
product.

Figure 2. a) XRD pattern and b) Raman spectrum of Co-Bi NS/G
product. c) Co2p and d) B1s core levels spectra of Co-Bi NS/G product.
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from the XPS data. Therefore, the structural formula of as-
prepared Co-Bi product can be approximately formulated as
Co3B2O6, since it is rational for considering adsorbed oxygen
on the surface. Based on the above results, the Co-Bi

nanosheets/graphene hybrid material has been developed
successfully, which provides a new opportunity to investigate
the OER catalytic activity of cobalt-based borate compounds.

To investigate OER electrocatalytic activities of the as-
prepared Co-Bi NS/G catalysts, the samples were first
deposited onto glass carbon electrodes (GCE) to form
a uniform catalyst film with a catalyst loading of
0.285 mgcm¢2. Moreover, a commercial RuO2 catalyst was
also used as a standard value to accurately evaluate their
OER activities. Polarization curves were recorded from linear
sweep voltammetry (LSV) tests with a scan rate of 5 mVs¢1 in
O2-saturated 1m KOH solution. In Figure 3 a, the OER
polarization curves of Co-Bi NS/G achieves a current density
of 10 mAcm¢2 at a low overpotential of 290 mV, whereas
a higher overpotential of 305 mV and 345 mV is required for
the RuO2 and Co-Bi catalysts, respectively. The corresponding
Tafel slope of Co-Bi NS/G in Figure 2b was measured to be
53 mVdec¢1, which is smaller than that of the Co-Bi sample
(72 mVdec¢1). This result suggests the improved OER
reaction kinetics because of the enhanced electron transfer
capacity and strong coupled effects. In addition, both the
long-term CV cycling test and time-dependent current density
curves provide direct evidence of the superior stability of as-
prepared Co-Bi NS/G in alkaline medium (Figure S11 and
Figure 3c). To further understand the kinetics during the
OER process, electrochemical impedance spectroscopy (EIS)
has been performed in 1m KOH solution. As shown in
Figure 3d, the Nyquist plots reveal that the charge transfer
resistance (12.3 W) of Co-Bi NS/G catalyst is obviously lower
than that of simple Co-Bi catalyst (35.7 W), suggesting Co-Bi

NS/G hybrid catalyst possesses the faster charge transfer
process.

To further understand the reaction mechanism, the
rotating ring-disk electrode (RRDE) has been used to
analyze the content of by-product (peroxide intermediates)
that formed at the surface of Co-Bi NS/G catalyst during the
OER process. Figure 3e shows a relatively low ring current
value (black curve), which is far lower than that of the disk
current (purple curve), indicating negligible hydrogen perox-
ide formation. Additionally, the ring current gradually
decreases from low potential to high potential, suggesting
that fewer peroxide intermediates formed at the high
potential region. This result indicates that the rapid increase
of current density can be mainly attributed to a desirable four-
electron transfer pathway to form O2 for the OER process
(Figure 3e). Furthermore, a Faradaic efficiency test was
performed to verify the rapid increase of current density is
originating from water oxidation rather than from side
reactions. First, an RRDE with a ring electrode is used to
carry out a continuous OER (disk electrode)-ORR (ring
eletrode) process. The disk current is fixed at a potential
range from 150 mA to 320 mA to generate O2 molecules from
the Co-Bi NS/G catalyst, and then the O2 molecules are
further reduced by sweeping across the surrounding Pt ring
electrode with an ORR potential of 0.45 V versus RHE. As
shown in Figure 3 f, the collected ring current is approxi-
mately 52.7 mA when the applied disk current is fixed at
150 mA, corresponding to a Faradaic efficiency of 95.1 %. This
result confirms the Co-Bi NS/G catalyst could provide fast 4-
electron reaction to generate O2 molecules at relatively low
potential. Moreover, a steady ring current of 117.4 mA can be
further observed under higher applied disk current (320 mA).
The corresponding Faradaic efficiency of 99.2 % indicates the
detected oxidation current catalyzed by Co-Bi NS/G catalyst
can be ascribed to oxygen evolution reaction process.[16]

Meanwhile, Figure 3g shows the relationship between Far-
adaic efficiency and applied potential, confirming that
Faradaic efficiency increases with the rising potential. This

Figure 3. a) Polarization curves and b) corresponding Tafel plots of Co-Bi NS/G, simple Co-Bi and commercial RuO2 catalysts in 1m KOH solution.
c) Chronoamperometric response of Co-Bi NS/G and d) EIS spectrum of as-prepared samples recorded at a constant potential of 1.55 V vs. RHE.
e) Disk and ring current of Co-Bi NS/G catalyst on an RRDE (1600 rpm) with a ring potential of 1.5 V in 1m KOH solution. f) Ring current of Co-
Bi NS/G catalyst on an RRDE (1600 rpm) with a ring potential of 0.45 V in 1m KOH solution at different disk current. g) The plot of Faradaic
efficiency of Co-Bi NS/G electrocatalyst at different disk potential in 1m KOH solution. h)Proposed process for Co-Bi NS/G as redox catalysts for
water oxidation.
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result suggests the higher valence state of Co4+ is actually the
main active center for the water oxidation reaction, indicating
that our OER catalytic mechanism is consistent with pre-
viously reported results.[17] As shown in Figure 3h, the current
density will rapidly rise when the potential beyond the Co4+/3+

redox couple, reflecting the electrochemical generation of
Co4+ states in Co-Bi NS/G that act as redox active centers for
the water oxidation in the recycling of Co states. Therefore,
above electrochemical test results confirm that Co-Bi NS/G
catalyst is a promising electrode material for water oxidation
in alkaline medium.

Exploring high efficiency OER electrocatalysts under
neutral condition is of great significance because of the
consideration of safety and cost for water splitting electro-
lyzer. Over the past few years, many efforts have been
devoted to develop highly active cobalt-based OER electro-
catalysts in neutral medium.[18] However, the relative low
current density and overpotential is still far from the require-
ment of practical applications. This novel cobalt-based borate
(Co-Bi)/graphene hybrid electrocatalyst is also expected to be
a promising candidate for high-performance OER electro-
catalyst in neutral solution. For this purpose, the OER
performance of Co-Bi NS/G catalyst was further investigated
in phosphate buffer solution (pH 7.0). As shown in Figure 4a,

Co-Bi NS/G catalyst exhibits an exceptional small onset
overpotential of 235 mV for catalytic O2 formation, and
achieves a high current density of 14.4 mAcm¢2 at potential of
1.8 V versus RHE, which is superior to most cobalt-based
electrocatalysts under neutral condition (Table S2). More-
over, benefiting from the highly exposed surface active sites,
enhanced electron transfer capacity, and strong synergistic
coupled effects, Co-Bi NS/G catalyst shows an obvious
reduced Tafel slope of 160 mVdec¢1 compared with simple
Co-Bi catalyst (274 mVdec¢1). Besides OER activity, the

durability in neutral solutions has also been evaluated. As
shown in Figure 4c, the Co-Bi NS/G catalyst displayed
negligible degeneration of current density after 1000 CV
cycling tests, and the current density of Co-Bi NS/G catalyst
remained stable at a potential of 1.65 V versus RHE for
60000 s (Figure S12), demonstrating the high stabilities of Co-
Bi NS/G materials for the OER process in neutral medium.

Based on the above experimental results, an amorphous
cobalt-based borate ultrathin nanosheet was grown in situ on
graphene sheets, and was established as an active OER
electrocatalyst. This Co-Bi NS/G hybrid catalyst not only
exhibits superior OER catalytic activity under alkaline
condition, but could also be performed in neutral medium.
The high OER catalytic activity of the Co-Bi NS/G hybrid
catalyst can be attributed to the following aspects: 1) The high
intrinsic OER catalytic activity of Co-Bi amorphous materi-
als. 2) The specific 2D ultrathin nanosheet structure can
expose more active surface area to offer more active sites for
water oxidation. 3) Graphene nanosheet supports can expe-
dite electron transfer to improve the OER kinetics processes.
4) The strong synergistic coupled effects between Co-Bi

nanosheets and graphene support assisted in improving
charge transport, and thus lead to superior OER perfor-
mance. Therefore, these collaborative advantages endow the
Co-Bi NS/G electrocatalyst with superior OER catalytic
activity.

In conclusion, we have successfully fabricated a Co-Pi
analogue, namely amorphous Co-based borate ultrathin
nanosheet/graphene hybrid (denote as Co-Bi NS/G) by
a room-temperature chemical approach, and investigated it
as an OER electrocatalyst for the first time. Benefiting from
the high surface active sties exposure yield, enhanced electron
transfer capacity, and strong synergistic coupled effects, the
Co-Bi NS/G hybrid electrocatalyst shows high OER catalytic
active and superior stability in both alkaline and neutral
solutions. This work not only offers a facile and mild method
to synthesize cobalt-based electrocatalysts, but also exper-
imentally demonstrates the potential applications of this new
Co-Bi nanosheet in water oxidation, paving a new way to
develop highly active OER electrocatalysts.
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Figure 4. a) Polarization curves and b) corresponding Tafel plots of Co-
Bi NS/G and simple Co-Bi catalysts in neutral medium. c) Polarization
curves of Co-Bi NS/G before and after CV testing of 1000 cycles in
neutral medium. d) The onset overpotential and current density of
well-developed OER electrocatalysts at a potential of 1.8 V vs. RHE in
neutral solution (Table S2).
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