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ABSTRACT: Because of sluggish kinetics of the oxygen
evolution reaction (OER), designing low-cost, highly active,
and stable electrocatalysts for OER is important for the
development of sustainable electrochemical water splitting.
Here, {112} high-index facet exposed porous Co3O4 nanosheets with oxygen vacancies on the surface have been
successfully synthesized via a simple hydrothermal method
followed by NaBH4 reduction. As compared with the pristine
and other faceted porous Co3O4 nanosheets (e.g., {110} and
{111}), the as-prepared {112} faceted porous nanosheets
exhibit a much lower overpotential of 318 mV at a current
density of 10 mA cm−2. Importantly, these nanosheets also
give excellent electrochemical stability, displaying an insignificant change in the required overpotential at a current density of 10 mA cm−2 even after a 14 h long-term chronoamperometric
test. All these superior OER activity and stability could be attributed to their unique hierarchical structures assembled by ultrathin
porous nanosheets, {112} high-index exposed facets with higher ratio of Co2+/Co3+ and oxygen vacancies on the surface, which
can substantially enhance the charge transfer rate and increase the number of active sites. All these ﬁndings not only demonstrate
the potency of our Co3O4 nanosheets for eﬃcient water oxidation but also provide further insights into developing cost-eﬀective
and high-performance catalysts for electrochemical applications.
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1. INTRODUCTION
Because of its high speciﬁc energy content and carbon neutral
combustion products, hydrogen has been long considered as an
alternative fuel for meeting the increased global energy
consumption. In this regard, among many hydrogen production
methods, electrochemical water splitting with two half-reactions
driven by renewable energy sources is widely explored to
generate hydrogen in an environmental-friendly manner.1−3
However, in comparison to hydrogen evolution reaction
(HER), oxygen evolution reaction (OER) with a multistep,
four-electron process evolved is severely constrained by its
sluggish kinetics.4 Up until now, noble-metal-based materials
such as Ir oxides and Ru oxides are the typical electrocatalysts
employed to lower the substantially large overpotential required
for OER, in which their scarcity and associated high cost greatly
hinder their practical utilizations.5−7 As a result, developing
high-performance and low-cost OER catalysts on a large scale is
essential in order to achieve sustainable water splitting.
Although various kinds of Co3O4 materials have lately
attracted extensive attention to function as promising OER
catalysts, batteries, and materials for electrochemical energy
© 2018 American Chemical Society

conversion and storage because of their earth abundance, ecofriendliness, and cost eﬀectiveness,8−12 their inherently poor
electrical conductivity makes them less competitive as
compared with other material candidates. Many eﬀorts have
therefore been devoted to improve their conductivity as well as
to increase the number of active sites. Speciﬁcally, mixing with
highly conductive materials, such as metal,13,14 carbon,15,16 or
graphene,17−19 to form conductive composites has been
commonly adopted to alleviate the conductivity issue. Besides,
it has also been demonstrated that the introduction of oxygen
vacancies could eﬀectively adjust the electronic structure and
greatly enhance the inherent conductivity through diﬀerent
complementary experimental and theoretical approaches.20 For
instance, Wang and colleagues reported a facile reduction route
to prepare mesoporous Co3O4 nanowires with rich oxygen
vacancies by NaBH4 solution treatment, in which as compared
with the pristine nanowires, the reduced Co3O4 nanowires
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Characterization. The purity and crystalline structure of the
samples were next evaluated by powder X-ray diﬀraction (XRD)
employing a scanning rate of 0.05°/s in a 2θ scan range from 10° to
80°, using a Bruker D2 Phaser (Bruker, Billerica, MA) instrument
equipped with monochromatized Cu Kα radiation. The morphologies
and dimensions of the samples were observed by scanning electron
microscopy (SEM, Phenom Pro, Phenom-World, The Netherlands)
with an accelerating voltage of 10 kV and ﬁeld-emission SEM (SU8010, Hitachi, Tokyo, Japan) with an accelerating voltage of 15 kV.
Transmission electron microscopy (TEM) and high-resolution (HR)
TEM were conducted by a Tecnai G2 F30 (FEI, Hillsboro, OR) using
an accelerating voltage of 200 kV. Brunauer−Emmett−Teller (BET)
speciﬁc surface areas of the samples were assessed on the basis of
nitrogen adsorption isotherms using a NOVA 1200e gas adsorption
apparatus (Quantachrome Instruments, Boynton Beach, FL). X-ray
photoelectron spectroscopy (XPS) was recorded on a VG Multilab
2000 (Thermo Fisher Scientiﬁc, Waltham, MA) photoelectron
spectrometer using monochromatic Al Kα radiation under vacuum
at a pressure of 2 × 10−6 Pa. All of the binding energies were
referenced to the C 1s peak at 284.8 eV of the surface adventitious
carbon.
Electrochemical Measurements. For a typical electrochemical
measurement, 5 mg of electrocatalysts (as-synthesized samples) was
dispersed in a mixed solution containing 100 μL of deionized (DI)
water, 340 μL of ethanol, and 20 μL of Naﬁon (5 wt %) by sonication
for 2 h to obtain a homogeneous ink. Then, 10 μL of electrocatalysts
ink were drop-casted on the polished glassy carbon electrode with
diameter in 5 mm and area in 0.196 cm2, which meant that the loading
amount was about 0.553 mg cm−2. The fabricated electrode was dried
at ambient condition overnight (8 h). All electrochemical characterizations were investigated on a Gamry 300 electrochemical workstation connected with a standard three-electrode conﬁguration under
25 °C using a constant temperature bath. The fabricated electrode
sample was used as the working electrode. A saturated calomel
electrode (SCE) and a Pt wire were employed as the reference
electrode and counter electrode, respectively. All potentials reported in
this work were calibrated versus the reversible hydrogen electrode
(RHE) using equation: ERHE = ESCE + (0.2415 + 0.059 × pH) V,
where ERHE is the potential referred to RHE and ESCE is the measured
potential against SCE reference electrode. The OER activity was
surveyed in 1 M KOH aqueous solution (pH = 13.73) by linear sweep
voltammetry (LSV) at a scan rate of 5 mV s−1. To keep the electrode
surface in a relatively stable state, 10 cyclic voltammetry (CV) cycles
were operated before the assessment of OER activity until the redox
peaks, and the oxygen evolution currents showed the unobvious
change. Unless otherwise mentioned, the voltammograms were
recorded with the iR-drop compensation automatically on the
workstation. The OER stability was determined by a chronopotentiometry measurement at a current density of 10 and 50 mA cm−2
without any iR-drop compensation, accordingly. The charge-transfer
resistances for diﬀerent samples were determined by electrochemical
impedance spectroscopy (EIS) in the frequency range between 0.01
Hz and 300 kHz at 5 mV rms.

exhibit a considerable performance enhancement in OER
process.21 Later, Xu et al. adopted a plasma-assisted technique
to generate oxygen vacancies on the surface of Co3O4
nanosheets via the doping of nitrogen.22,23 Importantly, an
impressively low overpotential of ca. 310 mV is only needed to
obtain a current density of 10 mA cm−2 in their studies. On the
other hand, synthesizing novel structures with more catalytically favorable surfaces is generally utilized to provide more
active sites for water splitting. In particular, Stoerzinger et al.
have experimentally compiled the intrinsic OER activities of
IrO2 and RuO2 with diﬀerent surface crystal orientations,
supported by comprehensive simulation studies. They found
that the (100)-oriented exposed facets are more electrochemically active than the thermodynamically stable (110) surfaces.24
At the same time, Feng and co-workers have successfully
prepared the {210} high-index faceted Ni3S2 nanosheet arrays,
yielding much higher HER and OER activities and stabilities
than those of the {001} low-index faceted counterparts.25
Similarly, Liu et al. systematically studied the crystal plane eﬀect
of Co3O4 on overall water splitting and concluded that {111}
facets exposed nanooctahedrons show the best performance.26
These enhanced performances could be mostly attributed to
the synergistic eﬀect between nanosheet arrayed architectures
and high-index facets. With the above considerations in minds,
if the Co3O4 nanosheets can be readily fabricated with the highindex exposed facets, high porosity, and signiﬁcant oxygen
vacancies, the correspondingly enhanced conductivity and
catalytic surface area would then contribute to the superior
electrochemical activity as high-performance OER catalysts.
In this work, we demonstrate the facile fabrication of {112}
high-index faceted porous Co3O4 nanosheets with oxygen
vacancy on the surface. As expected, the synthesized electrocatalysts exhibit an excellent OER activity with a comparably
low overpotential of 318 mV to reach a current density of 10
mA cm−2. With an overpotential of 436 mV, the current density
can be reached up to as high as 800 mA cm−2. The catalyst as
well shows the remarkable stability without any obvious decay
of the overpotential observed after a 14 h long-term
chronoamperometric test at a current density of 10 mA cm−2.
All these results reveal the exceptional performance and
stability of our high-index faceted porous Co3O4 nanosheets,
being one of the best OER catalysts among all Co3O4-based
materials, evidently illustrating their promising potency for
high-performance electrochemical applications.

2. EXPERIMENTAL SECTION
Preparation of {112} Faceted Porous Co3O4-B Nanosheets.
All chemicals were purchased in the analytical grade and were used
without any further puriﬁcation. In a typical preparation,27 1.26 g of
Co(NO3)2·6H2O was dissolved in 14 mL of methanol. Once
Co(NO3)2·6H2O got dissolved completely, 0.2 mL of benzyl alcohol
was added into the mixture. After stirring for another 1 h, the solution
was transferred into a Teﬂon-lined stainless steel autoclave (25 mL in
volume), which was subsequently heated to 180 °C and maintained at
that temperature for 24 h. Then, it was cooled to room temperature
naturally. The precipitates were collected, washed with anhydrous
ethanol and deionized water three times, and dried at 60 °C overnight
(8 h). A lilac powder was obtained and subsequently calcined in the air
with a ramp rate of 5 °C min−1 to 400 °C with a duration of 4 h. These
intermediate products were labeled as Co3O4. After the thermal
treatment, 30 mg of the samples (i.e., Co3O4) was added into 5 mL of
0.5 M NaBH4 solution and immersed for 1 h. Finally, the products
were ﬁltered, washed, and dried as described above, which were
labeled as Co3O4-B.

3. RESULTS AND DISCUSSION
As shown in Supporting Information Figure S1, the crystalline
phase and structure of the fabricated samples were analyzed by
XRD. It is clear that all of the diﬀraction peaks, obtained before
and after the NaBH4 treatment, can be indexed to the cubic
Co3O4 phase (JCPDS card No. 71-0816), indicating that the
corresponding crystalline phase is well preserved during the
NaBH4 reduction process. The untreated and post-treated
samples are then denoted as Co3O4 and Co3O4-B, respectively.
At the same time, the morphologies of all samples are also
maintained after the NaBH4 treatment as depicted in the SEM
images in Figure 1. Both Co3O4 and Co3O4-B samples are
composed of hierarchical microspheres with the diameter of ca.
10 μm (Figure 1a,b), in which these microspheres are
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loop, revealing that the samples display mesoporous nanostructures and are composed of loose assemblages of sheetlike
particles forming slitlike pores,30 which is consistent with the
SEM analysis discussed above. The speciﬁc surface areas of
these two samples are as well calculated by the Brunauer−
Emmett−Teller (BET) method, where an inconspicuous
increase of the area from 44.47 to 48.01 cm2 g−1 is witnessed,
and negligible changes in the pore size distribution (Figure S2
inset) after NaBH4 reduction further demonstrate the
insigniﬁcant eﬀect of NaBH4 treatment on the morphology of
Co3O4-B samples.
Furthermore, detailed TEM studies were also performed on
the samples as displayed in Figure 2 and Figure S3. It is obvious
that the sheetlike nanostructures with in-plane pores are well
preserved during the NaBH4 treatment, which is in the perfect
agreement with the above SEM observation and BET analysis.
Based on the side-view image (Figure 2b), the sheet thickness is
found to be about 11 nm, indicating the ultrathin feature of the
Co3O4-B. Since the electrocatalytic reaction usually occurs on
the interface between electrocatalysts and electrolyte/intermediates, investigating the surface properties, such as surface
compositions, surface defects, exposed facets, and so forth, of
Co3O4-B nanosheets is crucial here. Explicitly, as compared
with the untreated Co3O4 samples (Figure S3b), the surface of
Co3O4-B nanosheets becomes rather rough since many small
nanoparticles/nanoplates are formed and anchored on the
surface with a typical diameter of about 4 nm (Figure 2c,d).
Also, the HRTEM image of two selected representative areas
(i.e., nanoplate on the surface and exposed surface) is shown in
Figure 2d with the details marked by the red dotted square and
circle illustrated in Figures 2e and 2f, respectively. Both display
clear lattice fringes of ca. 0.28 nm, which correspond to the
value of (220) planes in cubic Co3O4. The corresponding FFT
pattern (Figure 2e, inset) and clear lattice fringe of ca. 0.24 nm
(Figure 2f) further indicate that the Co3O4-B nanosheets also
expose the same {112} high-index facet with that of untreated
Co3O4 samples (Figure S3c). It is unique that the ultrathin

Figure 1. Representative SEM images of diﬀerent Co3O4 nanosheets
with various magniﬁcations: (a, c) before NaBH4 treatment; (b, d)
after NaBH4 treatment.

assembled by various amounts of nanosheets. Interestingly,
there are abundant quantities of nanopores penetrating through
the nanosheets (Figure 1c,d). It is worthwhile to note that these
novel hierarchical nanostructures are anticipated to eﬀectively
enhance the electrolyte penetration, accelerate the bubble
release rate, and avoid the random particle aggregation during
the OER process.28,29 More details regarding their morphologies were also characterized by nitrogen adsorption and
desorption isotherms (Figure S2). In speciﬁc, the isotherm
curves exhibit the type IV characteristic with an H3 hysteresis

Figure 2. Typical TEM images of porous Co3O4-B nanosheets: (a−c) low-magniﬁcation images in vertical and parallel views; (d) high-resolution
images; (e) high-magniﬁcation HRTEM image of the left red dotted square region and the corresponding FFT pattern shown in the inset; and (f)
high-magniﬁcation HRTEM image of the left red dotted circle region.
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Figure 3. Comparison of XPS proﬁles of Co3O4 and Co3O4-B porous nanosheets: (a) high-resolution XPS Co 2p spectra and (b) the high-resolution
XPS O 1s spectra.

Figure 4. Electrochemical performances of diﬀerent Co3O4 nanosheet samples. (a) Polarization curves of porous Co3O4 and Co3O4-B nanosheets
with a scan rate of 5 mV s−1. (b) Tafel plots of Co3O4 and Co3O4-B calculated from (a) with logarithm of current density from 0.5 to 1.5 log(j/mA
cm−2). (c) Long-term chronopotentiometric stability test of porous Co3O4-B nanosheets under a constant current density of 10 mA cm−2 (without
an iR compensation); the measurement was performed on the glassy carbon electrode; inset is the polarization curves of the samples before and after
chronopotentiometry. (d) Long-term chronoamperometric stability test using Ni foam as working electrode under the constant current density of 10
and 50 mA cm−2 for 5 h each; inset is the polarization curves of the samples before and after chronopotentiometry.

794.80 and 796.45 eV for Co2+.35 As compared with the
untreated Co3O4 nanosheets, there is an obvious increase of the
integrated intensity (i.e., peak area) ratio of Co2+ to Co3+
observed for the Co3O4-B sample, indicating that a part of Co3+
ions on the nanosheet surface has been reduced to Co2+ ions
accompanying with the generation of oxygen vacancies.
Likewise, the two satellite peaks ascribed to the Co2+ oxidation
state at the binding energy of around 785 and 803 eV are
upheaved as well, further demonstrating the formation of
oxygen vacancies there.22 Moreover, Figure 3b displays the O
1s XPS proﬁles of both samples before and after NaBH4
treatment. The ﬁne-scanned O 1s spectra can be deconvoluted
into three distinct peaks. According to the peak locations, these
peaks can be identiﬁed as lattice oxygen (OI, ca. 529.6 eV),

nature of these high-index faceted porous nanosheets as well as
the formation of these anchored nanoparticles/nanoplates
would further facilitate the catalysts to expose more edges
and coordinated-unsaturated surface atoms, serving as the
active sites to expedite the OER process.31−33
Apart from the morphology, it is also important to assess the
elemental composition and corresponding chemical state of the
nanosheet surface. Based on the high-resolution XPS proﬁle of
Co 2p spectra (Figure 3a), two characteristic peaks are
observed at around 780.0 and 795.1 eV with a spin−orbit
splitting of 15.1 eV, which can be attributed to the 2p3/2 and
2p1/2 orbitals of Co ions in Co3O4.27,34 Both of them could be
further deconvoluted into two separate peaks: one set locates at
779.70 and 781.35 eV for Co3+, while another set locates at
7082
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Figure 5. (a) Diﬀerences in current density variation (Δj = ja − jc) at a potential of 0.225 V (vs SCE) plotted against scan rate ﬁtted to a linear
regression, enabling the estimation of Cdl. (b) Nyquist plots obtained from the electrochemical impedance spectroscopy measurements at 1.55 V vs
RHE, with a frequency range of 0.01 to 3 × 105 Hz.

the overpotential. Here, the logarithm of current density (log(j/
mA cm−2)) is chosen from 0.5 to 1.5 to calculate the Tafel
slope, where it shows a linear relationship with R-squared of ca.
99.8% and ca. 99.4% for Co3O4 and Co3O4-B samples,
respectively. For the unreduced porous Co3O4 nanosheets,
the value of Tafel slope is found to be ca. 105.3 mV dec−1. After
NaBH4 reduction treatment, the Tafel slope value gets
decreased dramatically to a much lower value of ca. 57.6 mV
dec−1 (Figure 4b). All these point toward that the high-index
faceted porous Co3O4-B nanosheets feature a favorable
electrochemical kinetics, where only a small increase in the
overpotential is required to deliver a sharp increase in the
current density.
Besides, electrochemical stability is an additional critical
criterion to assess the performance of electrocatalysts. In
speciﬁc, the stability of porous Co3O4-B nanosheets conﬁgured
catalysts was investigated by chronopotentiometry, in which
glassy carbon were employed as the working electrode. As
shown in Figure 4c, after a 14 h long-term chronoamperometric
stability test, the polarization curves exhibit an insigniﬁcant
change with an increase of 14 mV in the required overpotential
at a current density of 10 mA cm−2, demonstrating an excellent
stability for the Co3O4-B OER catalyst. The periodic ﬂuctuation
could be ascribed to the detachment of generated oxygen
bubbles on the electrode surface. Also, the decline of OER
activity after chronoamperometric measurement could be partly
attributed to the exfoliation of the loaded catalysts on the glassy
carbon electrode (Figure 4c, inset). In order to alleviate the
issue of this exfoliation, catalyst ink could be dropped dried
onto a 0.8 cm × 0.8 cm Ni foam and then used as the working
electrode to conduct chronoamperometric stability measurement. The two ﬂat lines in Figure 4d further demonstrate that
the Co3O4-B OER catalysts have an excellent electrochemical
durability even at a high current density of 50 mA cm−2 for 5 h.
Remarkably, the polarization curve of Co3O4-B after 10 h
chronoamperometric test is basically identical with the initial
one (Figure 4d, inset), which conﬁrms again the excellent
electrochemical durability of Co3O4-B studied in this work.
To elucidate the origins of all these catalytic performance
enhancement, it is of great importance to explore the change in
electrochemical active sites of the samples. In general, the
number of such active sites is directly proportional to the
electrochemical surface area (ECSA), and the electrochemical
surface area (ECSA) is linearly proportional to the double-layer
capacitance (Cdl) of the electrocatalysts. Therefore, the Cdl is
often used to represent the corresponding ECSA. By plotting

oxygen vacancies on the surface (OII, ca. 531.0 eV), and
chemisorbed or dissociated oxygen or OH species on the
surface (OIII, ca. 532.8 eV). A comparison between the Co3O4
and Co3O4-B samples shows that (1) an obvious increase in the
integrated XPS intensity values (Ii) of OII peak is observed,
which indicates the introduction of oxygen vacancies after
NaBH4 reduction process, and (2) a substantial shift of OI peak
toward to the lower binding energy (ca. 529.4 eV),
demonstrating that the electrons around the lattice oxygen
are easily excited, which can be attributed to the reduction of
Co3+ to Co2+.36 It is believed that the higher ratio of Co2+/Co3+
would bestow the Co3O4 catalysts the better catalytic ability for
OER because Co2+ ions are more catalytically active than Co3+
ions, acting as the enhanced active site for more eﬃcient water
oxidation in Co3O4.22,37,38 In addition, the introduction of
oxygen vacancies on the surface not only can enhance the
conductivity of the catalysts but also can promote the
adsorption of H2O molecules onto the surface.21,39 All these
evidently indicate that both factors tend to play positive roles in
the OER activity of Co3O4-B samples.
To shed light on the OER catalytic capabilities of these
Co3O4-B nanosheets, LSV measurements were conducted using
a standard three-electrode setup in 1 M KOH electrolyte (pH =
13.73) with an operating potential window from 0.2 to 0.65 V
(vs ESCE) at 25 °C. For comparison, Co3O4 nanosheets before
NaBH4 treatment were also performed under same test
conditions. Figure 4a displays the polarization curves of these
two samples after auto-iR compensation. Apparently, the
electrochemical activity of Co3O4 increases signiﬁcantly after
the reduction process. In detail, in order to reach a current
density of 10 mA cm−2, a metric relevant to the solar fuel
synthesis, Co3O4-B requires only an impressively low overpotential of 318 mV, which presents one of the best OER
performances among all Co3O4-based materials to the best of
our knowledge (Table S1). In contrast, the untreated (i.e.,
unreduced) porous Co3O4 nanosheets still need an overpotential of 417 mV to achieve the same current density. More
importantly, an ultrahigh current density of 800 mA cm−2 can
be obtained at an overpotential of as low as 436 mV for Co3O4B samples, which is ca. 55-fold higher than the unreduced
sample, further illustrating the superior electrochemical
performance for water oxidation (see Video S1 in Supporting
Information). At the same time, the Tafel slope is another
important parameter used to evaluate the electrochemical
kinetics of OER process, which describes the rate change of an
electrochemical reaction (i.e., current density) with respect to
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the Δj = (ja − jc) at 0.225 V vs SCE against the scan rate, the
linear slope that is twice the double-layer capacitance (Cdl) can
be obtained as shown in Figure S4. It is also noted that there is
a 10-fold increase in Cdl from 2.14 mF cm−2 for Co3O4 to 22.13
mF cm−2 for Co3O4-B (Figure 5a), demonstrating that more
active sites have been generated via NaBH4 reduction process.
For a better understanding to the superior OER performance of
Co3O4-B catalysts, electrical impedance spectroscopy (EIS) is
utilized to illustrate the electrochemical kinetics of catalytic
processes involved. The ﬁtted Nyquist plots in Figure 5b reveal
the charge-transfer resistance (Rct = 38.08 ohm) of porous
Co3O4-B nanosheets being about 30-fold lower than that of
unreduced porous Co3O4 nanosheets (Rct = 1256 ohm), further
designating that the Co3O4-B catalysts possess a much faster
charge-transfer characteristic than that of unreduced Co3O4
catalysts during the OER process.
For sheetlike nanomaterials, their catalytic activity is always
highly depended on the exposed crystal facets, in which the
corresponding adsorption/desorption characteristics of reactants, intermediates, and products are largely inﬂuenced.40,41
Generally, high-index facets exposed surface could provide
more catalytically favorable surface atomic structures, such as
the high density of atomic steps, ledges, and kinks.25,42,43 In this
work, we have prepared diﬀerent facets (e.g., {110} and {111})
exposed Co3O4 nanosheets (see synthetic methods in
Supporting Information),44 in which all of them have been
reduced via the same NaBH4 treatment. As depicted in
HRTEM images and corresponding FFT patterns in Figure 6,

shown in Figure 7a, the {112} high-index facets exposed
Co3O4-B nanosheets exhibit the higher OER activity (318 mV)
than the counterparts of {110} and {111} exposed facets (320
and 339 mV) at a current density of 10 mA cm−2. Even though
the diﬀerences in overpotential are not signiﬁcant, a steepest
uptrend of {112} facets exposed Co3O4-B illustrates a robust
increase in its current density as the potential increases, which
is consistent with the corresponding Tafel plots observed in
Figure 7b. In order to obtain reliable results, we also adopted
BET method to normalize the electrocatalytic activities. Figure
S6 shows that the speciﬁc surface area of {110} and {111}
faceted samples are 49.31 and 33.34 cm2 g−1, respectively.
Similarly, {112} and {110} facets exposed Co3O4-B as well
performed better than the one of {111} as shown in Figure S7.
The better performance could be ascribed to the higher ratio of
Co2+/Co3+ for the {112} facets, which can further provides
more active sites for water oxidation.26,38 The Tafel values of
{110}, {111}, and {112} facets exposed Co3O4-B nanosheets
are determined to be 66.0, 69.4, and 57.6 mV dec−1,
respectively. Also, the current density variation plotted against
scan rate can further enable us to estimate the Cdl of these three
kinds of Co3O4-B nanosheets with diﬀerent exposed facets and
elucidate the origin of diﬀerence in OER activities in terms of
ECSA (in Figure S8 and Figure 7c). The Cdl values of 8.42 and
5.53 mF cm−2 are calculated for the {110} and {111} exposed
samples, which are much smaller than that of {112} one with
Cdl value of 22.13 mF cm−2. This ﬁnding indicates clear that the
{112} facets exposed Co3O4-B has more electrochemical active
sites for OER process as compared with the other two
counterparts. Likewise, the comparison of electrochemical
kinetics has been conducted using EIS measurement.
Apparently, the {111} facets exposed Co3O4-B nanosheets
feature a much higher charge-transfer resistance of 150.50 ohm
than that of the {110} samples (66.77 ohm) and {112} samples
(38.08 ohm) as shown in Figure 7d, manifesting a much lower
electron transfer rate here during the electrochemical process.
Therefore, all these above results have clearly indicated that our
high-index faceted porous Co3O4-B nanosheets can be
advantageously utilized as electrocatalyst materials to drive
OER at a signiﬁcant rate at ultralow overpotentials.

4. CONCLUSION
In summary, {112} high-index faceted porous Co3O4 nanosheets with high oxygen vacancy content have been successfully
prepared via a facile method followed by NaBH4 solution
treatment. These novel structured Co3O4 nanosheets exhibit
the superior electrocatalytic activity and stability for OER. At
overpotentials of 318 and 436 mV, the OER catalysts can
deliver current densities of 10 and 800 mA cm−2 with an
impressively low Tafel slope of 57.6 mV dec−1, which shows the
best OER performance among most recently reported cobalt
oxide-based materials. These excellent OER performance
parameters are mostly attributed to the ultrathin porous
structure, {112} high-index exposed facets with higher density
of Co2+ active sites and oxygen vacancies on surface, which can
signiﬁcantly enhance the charge transfer rate and increase the
number of active sites during the OER process. As a result, all
these ﬁndings can not only demonstrate the technological
potency of the uniquely conﬁgured Co3O4 nanosheets for
eﬃcient water oxidation but also provide further insights into
the preparation of cost-eﬀective and high-performance
transition-metal oxide-based catalysts for electrochemical
applications.

Figure 6. Typical TEM and HRTEM images of (a, b) {110} facets
exposed Co3O4 nanosheets after 0.5 M NaBH4 solution treatments
and (c, d) {111} facets exposed Co3O4 nanosheets after 0.5 M NaBH4
solution treatments. Insets are the corresponding FFT patterns.

the morphology of Co3O4 nanosheets is well preserved with the
same exposed facets after NaBH4 reduction process. As
expected, more oxygen vacancies are formed which can be
seen from the comparison of O 1s XPS proﬁles in Figure S5,
while the integrated intensity of OII peaks is increased in both
samples. The comparison of electrochemical measurement
among three diﬀerent exposure facets of {110}, {111}, and
{112} is also displayed in Figure 7. Based on the LSV curves as
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Figure 7. Electrochemical activity comparison of diﬀerent facets exposed Co3O4 nanosheets (a) LSV curves with a scan rate of 5 mV s−1 in 1 M
KOH solution; inset is the enlarged version with an overpotential window from 300 to 350 mV. (b) Tafel plots and corresponding linear ﬁttings. (c)
Diﬀerences in current density variation at a potential of 0.225 V (vs SCE) plotted against scan rate ﬁtted to a linear regression, enabling the
estimation of Cdl. (d) Nyquist plots obtained from the electrochemical impedance spectroscopy measurements at 1.55 V (vs RHE) with a frequency
range of 0.01 to 3 × 105 Hz.
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