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Ultrathin Porous Co3;04 Nanoplates as Highly
Efficient Oxygen Evolution Catalysts
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Oxygen evolution reaction (OER) catalysts are of central importance for
electrocatalytic/photocatalytic water oxidation and fuel generation. Here we report a new type
of ultrathin porous Co;0, nanoplates as highly efficient OER catalysts. The porous Co;0,
nanoplates annealed at 250 °C can be readily synthesized in quantities with a large surface area
of 160.9 m*/g, a very small crystalline size of ~3.0 nm, and a thin thickness of ~10 nm. Large
surface area provides more surface active sites for OER. The structural features of the porous

nanoplates significantly enrich the amount of the surface abundant catalytic sites, provide more

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

active edge and corner cobalt species with low coordination numbers, and subsequently
enhance their OER activity. Meanwhile, the thin thickness facilitates the efficient diffusion of
the chemicals and the escape of the generated O, within the electrode. Given all together, the
porous Co3;0,4 nanoplates annealed at 250 °C deliver a high OER activity with an overpotential
as low as 258 mV at 1 mA/cm?, a turnover frequency of 0.0042 s™' (low bound), a Tafel slope

of 71 mV/dec in 1.0 M KOH solution and an excellent electrochemical stability.

Introduction

Photo and/or electrochemical water splitting is considered as a
promising pathway to a clean and sustainable energy resource —
hydrogen.'” Compared to the reduction half-reaction for H,
generation, the oxygen evolution reaction (OER) involves a four-
electron process and is more challenging due to the slow kinetics, the
high over-potentials and the low catalytic stability of catalysts.'™® Ir-
and Ru- based catalysts show effective OER catalytic activities in an
aqueous media.”'? However, the practical utilizations of Ir- and Ru-
materials are limited by their scarce availability and high cost.”*"
Therefore, there is considerable interest in exploring economical and
efficient substitutes composed of earth abundant elements, e.g.
cobalt,'> 1% nickel,** 226 jron> 2" 2 and manganese,zz’ 230 45 the
potential alternative OER catalysts.

Inspired by the recent report of Co-Pi electrocatalysts with a high
OER activity, much attention has been given to cobalt based
materials for water oxidation.”® In situ X-ray absorption studies
indicated that the high OER activities of Co-Pi catalysts could be
attributed to the existence of Co40,4 cubane in the catalysts.31 Co304
has a typical spinel structure, in which Co*" locates at tetrahedral
sites and Co** occupies octahedral sites. The Co,0, cubane formed
by octahedral cobalt and oxygen atoms indicates that Co;0, has the
potential as the OER catalyst.** ** Previous studies have verified that

This journal is © The Royal Society of Chemistry 2013

the OER activities of Co;04 nanostructures are strongly correlated
with their available surface areas.'® Hence, various strategies have
been designed to synthesize Co;0, catalysts with large surface area
and small crystalline size. However, the charge transfer of small
Co30,4 nanoparticles with a large surface area is insufficient due to
the existence of a large number of grain boundaries.'® ** One
approach to solve the charge transfer of small nanoparticles is to
synthesize porous Co3;0,4 nanostructures, which preserve the features
of large surface area and small crystalline size and reduce the
amount of grain boundaries. '* ** Another strategy is to maintain
small size of Co;0, and enhance charge transfer by dispersing small
Co30,4 nanostructures on various conductive supports, e.g. Au,** Ni
foam,'® multi-wall carbon nanotubes®® ** and graphene.’® Their
electrochemical activities clearly demonstrate the promise of Co;0,
and their hybrids as efficient and robust OER catalysts. However,
most methods reported to date involve time-consuming or complex
synthetic procedures. For example, the synthesis of ordered
mesoporous Co3O, by a typical hard template method requires
multiple steps including: synthesis of template, grafting of cobalt
sources, formation of cobalt oxides and removal of template.

Herein, we report a facile method combining wet chemistry
and high temperature anneal for scalable synthesis of porous
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Co504 nanoplates. We show that the surface area, pore size,
pore density and crystalline size of the resulting porous
nanoplates can be easily tailored by the annealing temperatures.
The small crystalline of Cos0y, is found to be critical to improve
the catalytic activity of catalysts in terms of turnover frequency
by delivering the abundant amount of the active surface sites
with low coordination numbers. The contiguous framework of
ultrathin (~ 10 nm) porous nanoplates not only ensures efficient
charge transfer by reducing the number of grain boundary but
also allow easy escape of generated O, and rapid recovery of
study
demonstrates the higher catalytic activity of the surface active

surface catalytic sites. Moreover, our clearly
centers is originated from their small crystalline size, which is
ignored in the previous studies for Co-based OER catalysts.
The porous Co3;04 nanoplates annealed at 250 °C exhibit the
largest surface area (160.9 m?%g) and the smallest crystalline
size (~ 3 nm), which deliver a high catalytic activity for water

oxidation reactions

Experimental

All chemicals are commercially available and used without
further purification. NaOH (99%), Co(NO3), 6H,0 (98%) and
tetraethyl orthosilicate (99%) were purchased from Alfa Aesar.

Synthesis of p-Co(OH), and porous Co;O4 nanoplates.

B-Co(OH), nanoplates were synthesized by a modified wet
chemical process.’” In a typical synthesis, NaOH (0.16 mol)
was dissolved in 35 mL of Milli-Q water (18.2 MQ " cm) under
Co(NO3)y
6H,0 aqueous solution (5mL, 4.0 M) was slowly injected into

vigorous magnetic stirring at room temperature.

the NaOH aqueous solution within 5 minutes. After aging for
30 min under continuous stirring, the mixture was transferred
into a Pyrex bottle and placed into an electric oven at 100 °C.
After 12 hr reaction, the solution was cooled down to room
temperature naturally overnight. The products were filtered,
washed thoroughly with water and absolute ethanol for three
times, and dried at 60 °C overnight. The porous Co3;0,
nanoplates were prepared by calcining -Co(OH), nanoplates in
air for 3 hours at various temperatures with a ramp rate of 1 °C
/min. Subsequently, the porous nanostructures were obtained
after cooling down to room temperature naturally.

Preparation of ordered mesoporous Co;O4 nanostructures
using KIT-6 as hard templates.

Ordered mesoporous KIT-6 was prepared according to previous
method.?** Briefly, 13.5 g of surfactant (Pluronic 123,
EO20PO70EO20) was dissolved in a mixture of 487.5 g of
Milli-Q water and 26.1 g of concentrated HCI (37%). 13.5 g of
n-butanol was added to the homogenous solution at 35 °C.
After stirring the solution for 1 h, 29 g of tetraethyl orthosilicate
(TEOS) was quickly added into the solution. The mixture was
stirred at 35 °C for 24 h and then maintained at the same
temperature for another 24 h under the static conditions. The
solid product was filtered without washing, dried at 90 °C
overnight, and then calcined at 550 °C for 6 h with a ramp rate
of 1 °C/min.

2| J. Name., 2012, 00, 1-3

Ordered mesoporous Co;0O,4 nanostructures were prepared by
using KIT-6 as the hard template. In brief, 0.2 g of KIT-6 was
dispersed in 5 mL of 0.8 M Co(NO;),-6H,0O in ethanol. The
mixture was stirred for 1 h at room temperature and dried at
60 °C. The obtained powder was calcined at 350 °C for 4 h
with a ramp rate of 1 °C/min. Finally, the silica template was
removed by dispersing 50 mg of the products in 10 mL of 2 M
NaOH solution for 6 hours.
centrifuged off, washed thoroughly with water, and dried at 60

The etched samples were

°C overnight.
Characterization

The surface area and pore size were measured by nitrogen
physisorption (Micromeritics, ASAP 2020 HD88) based on the
Brunauer-Emmet- Teller (BET) method. The phase evolution of
as-synthesized nanostructures was monitored by powder X-ray
diffraction (XRD). The XRD patterns with diffraction intensity
versus 20 were recorded in a Shimadzu X-ray diffractometer
(Model 6000) using Cu Ka radiation. Thermogravimetric
analysis (TGA) of as-synthesized samples were carried out
Mettler Toledo, STAR® at a heating rate of 5 °C - min™' from
room temperature to 800 °C in air. X-ray photoelectron spectra
(XPS) were acquired on a Thermo Electron Model K-Alpha
with Al Ko as the excitation source. Scanning -electron
microscopy (SEM) was performed on Hatchie Su-8010
scanning  electron  microscope. Transmission electron
microscopy (TEM) studies were conducted on a Hatchie HT-
7700 field-emission transmission electron microscope with an
accelerating voltage of 120 kV.

Electrochemical Measurements

Electrocatalytic activities including linear sweep
voltammograms (LSV) and chronoamperometry were measured
on CHI 660D electrochemistry workstation (CH Instrument,
Shanghai, China) with a standard three electrode system in
KOH aqueous solutions at various concentrations of 0.01 M,
0.1 M and 1.0 M. The counter electrode was platinum wire and
the reference electrode was standard Ag/AgCl (3 M KCl). The
catalyst with a loading of 0.56 mg - cm™ on indium tin oxide
(ITO) surface was used as the working electrode. The scanning
Rotating-disk

electrode voltammograms were obtained with a scan rate of 10

rate for LSV measurements was 50 mV - s

mV - s\ Electrochemical impedance spectroscopy (EIS) was
performed on the AUTOLAB PGSTAT204 electrochemistry
workstation in the frequency range from 0.01 Hz to 100 KHz at
an open circuit potential, with 10 mV as the amplitude potential.

Results and discussion

Characterization of -Co(OH), nanoplates

B-Co(OH), nanoplates were synthesized by a modified solution
process at 100 °C for 12 hrs.*” Microstructures of the as-
prepared products are examined by TEM and SEM. The
nanostructures display a near hexagonal plate morphology (Fig.

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 Characterization of f-Co(OH), nanoplates. (a) A typical TEM

image. Inset is the photography of the nanoplates obtained from 1.6 L

reaction solution. (b) A typical SEM image. (¢) XRD pattern. (d) TGA

curve in air with a temperature ramp rate of 5 °C/min.

la). The length of the nanoplate diagonal has a wide
distribution from 50 to 200 nm. The thickness of the nanoplates

is ~ 10 nm measured from the vertically aligned nanoplates (Fig.

1b and Fig. S1). XRD studies clearly indicate f-Co(OH), phase
(JCPDS No. 30-0443) of the as-synthesized nanoplates (Fig.
1c). A small XRD peak at 65 ° may be attributed to the
CoO(OH) phase. Notably, the synthesis of p-Co(OH),
nanoplates (yield, 7.36 g) is scalable as evidenced in the
photography (inset Fig. la), which was obtained from 1.6 L
reaction solution with a yield of about 99%.

The thermal behavior of fB-Co(OH), nanoplates was
investigated by TGA (Fig. 1d). The initial weight loss of the
nanoplates up to 120 °C can be ascribed to the desorption of
physisorbed and/or trapped water molecules. With increasing
the temperature, a sharp weight loss was observed at 210 °C.
When the temperature was above 250 °C, the weight variation
became negligible. The actual weight loss of the B-Co(OH),
nanoplates derived from the TGA curve is 13.8%, which is very
consistent with the theoretical value (13.6%) for converting
Co(OH), into Co30,.

Characterization of porous Co;04 nanoplates

Hence, B-Co(OH), nanoplates were annealed at various
temperatures and the resulted products were denoted as Co;0,-
x, where x represents the annealing temperature and the
synthetic reaction equations (1) are listed the following. Fig. 2
shows the morphologies of the products after heat treatment
and their XRD spectra. It was found that B-Co(OH), was
completely converted into Co3;0,4 after 250 °C treatments in air
(equation 1) for 3 hrs, consistent with TGA results. TEM
images (Fig. 2a-2d) reveal that the shape of the nanostructures
with an annealing temperature below 500 °C was well

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Structural characterization of porous Co3;O, nanoplates. TEM
images of porous Cos;O4 nanoplates after thermal treatment (a) 250 °C,
(b) 300 °C, (c) 400 °C, and (d) 500 °C. (e) XRD patterns of porous
nanoplates show a spinel Co3O, phase for all products. Inset is the
photography of Co3;04-250 obtained from B-Co(OH), nanoplates shown
in inset of Fig. la.

preserved as near hexagonal one. When the annealing
temperature was above 600 °C, the collapsed nanostructures
were observed (Fig. S2). The XRD pattern of all annealed
samples (Fig. 2e) can be assigned to the spinel Co;04 (JCPDS
No.42-1467).
6Co* +12 OH Ldthemaly, 606 (OH), +0,~2MANE 50,0, +6H,0 (1)

To interrogate the electronic structure of the as-prepared
surface, we measured the XPS spectrum of Co;04-250. All the
spectra were referenced to the aliphatic carbon at binding
energy (BE) of 284.5 eV. As given in Fig. S3a, it can be seen
clearly that the Co(OH), and HFC-250 contain the elements of
O 1s and Co 2p. High-resolution Co,, spectrum (Fig. S3b)
show spin-orbit splitting into 2p;, and 2p;, components. The
peaks of Co 2p;, are at 781.1 eV and 780.7 eV for Co(OH), and
Co0304-250, respectively. The slight decrease in binding energy
for the annealed samples indicates the formation of Co;0,,
which is consistent with previous reports.*® %

More importantly, the porous structures after annealing at
various temperatures can be clearly seen from TEM images

J. Name., 2012, 00, 1-3 | 3
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Table 1.Summary of structural information of porous Co;0,4 nanostructure and their OER electrocatalytic activities in 0.1 M KoH"™
Sample BET Pore Size Pore Particles @ n@ n @ T @1.0Vvs. TOF (s @

m%g)  (nm)™ Density' size (nm) 5mA/cm? OmA/cm®  20mA/cm*  Ag/AgCl(3M) n=400mV
ITO - - - - - - - 0.86 -
Co(OH), 68.3 - - - 587 665 - 15.1 5.56 x 107
Co0304-250 160.9 3.0 200 3~4 472 523 591 47.9 2.81 x 103
Co0304-300 138.0 4.0 80 7~10 509 567 650 34.5 7.41 % 10*
Co0304-400 106.9 3~8 40 11~20 535 593 666 334 5.25x10*
Co0304-500 87.6 5~15 25 13~24 539 606 692 26.4 5.61 x 10*
Co;04-Meso  128.1 6.5 - 8~12 596 652 734 20.1 4.01 x 10
Ir/C - - - - 662 709 - 13.6 -

[a] Current density in unit of mA/cm? and overpotential in unit of mV;[b] Pore size was obtained from TEM analysis except Co;04-Meso; [c] Pore

density is the estimated number of pores in a square of 100x100 nm” over 50 nanoplates, which was calculated ratio of number of pores on each

nanoplate/geometrical area of the nanoplate. [d] n refers to the overpotential in unit of mV. [e] refers to the current density at unit of mA/cm?. [f]

Obtain from BET analysis.

(Fig. 2a-2d).
thenanoplates could be attributed to the slow dehydration, in

The generation of pores confined within

which the loss of water molecules created the pores without
disturbing the plate shape. The structural information of all
products is summarized in Table 1. Co0304-250 has the largest
surface area of 160.9 m?%/g, which is much larger than 68.3 m%/g
of B-Co(OH), nanoplates and comparable to mesoporous Co;0,
synthesized by nanocasting method.>® The average pore size
(3.7 nm) of Co;04-250 derived from BET measurement (Fig.
S4) is well consistent with ~3.0 nm as observed in TEM image
(Fig. 2a, Fig. S5). With the increased annealing temperature,
the surface areas of the porous Co;0,4 nanoplates decreased to
138.0, 106.9 and 87.6 mz/g for Co0304-300, C0304-400 and
Co0504-500, respectively. Meanwhile, increasing the calcination
temperature, the average number of the pores for 100 x 100
nm’ was significantly reduced from 200 to 80, 40 and 25 for
Co0304-250, Co0304-300, Co0304-400 Co0304-500,
respectively. And also the pore size became large due to the

and

structural collapse under high temperature treatment. As shown
in Table 1 and evidenced in Fig. 2, the large pores over 10 nm
were observed in Co3;04-500.

Electrocatalytic water oxidation

To evaluate the OER activities of the porous Co;0,4nanoplates,
the catalysts were loaded onto an ITO electrode with a density
of 0.56 mg/cm? for catalytic active components by drop casting.
The thermodynamic potentials for the electrodes, E°qyr02 =
0.324 V vs. Ag/AgCl at pH=12, 0.265 V vs. Ag/AgCl at pH=13,
and 0.206 V vs. Ag/AgCl at pH=14,'" ** were used for all
overpotential measurements in 0.01, 0.1 and 1.0 M KOH
electrolyte solutions, respectively. The LSV curves of a bare
ITO substrate, commercial 10 wt% Ir/C, B-Co(OH), nanoplate,
and porous C0304-250, C0304-300, C03;04-400 and Co03;04-500
nanoplate electrodes in 0.1 M KOH are given in Fig. 3a.
Compared to the strong catalytic currents of catalyst loaded
electrodes, a very weak current density (0.86 mA/cm?®) of the
bare ITO substrate at 1.0 V applied potential (vs. Ag/AgCl)
indicates the inactive nature of ITO towards the O, evolution

4| J. Name., 2012, 00, 1-3

and a background correction for ITO support is unnecessary for
all catalytic electrodes.

The electrocatalytic activities of all catalysts in 0.1 M KOH
including the overpotentials at the specified current densities of
5 or 10 or 20 mA/cm?, the current densities at 1.0 V (vs.
Ag/AgCl) and the calculated turnover frequencies (TOFs) at
The best
activity was observed on the electrode loaded with Co3;04-250.
As given in Fig. 3a, the onset potential of the C0304-250 is 0.55
V vs Ag/AgCl, which is 110, 125, 125 and 140 mV ahead of
the Co0304-300, Co0304-400, Co0304-500 and the Co(OH),
electrode, respectively. At a current density of 5 mA/cm?, the

400 mV overpotential, are summarized in Table 1.

overpotential for Co304-250 is 472 mV while the overpotentials
for C0304-300, C0304-400 and Co0304-500 are 509, 535 and
539 mV, respectively. A similar trend was also observed at the
current densities of 10 and 20 mA/cm?. The current density of
47.9 mA/cm’® for the Co0;0,4-250 electrode at 1.0 V (vs.
Ag/AgCl) was much larger than those of 34.5, 33.4 and 26.4
for the Co0304-300, Co0304-400 and Co03;04-500
electrodes, respectively.

The electrocatalytic OER activity of B-Co(OH), nanoplates
was also measured. The overpotentials at current densities of 5

mA/cm™

and 10 mA/cm® were respectively 587 and 665 mV, much
larger than those of porous Cos;0,4 nanoplates (Table 1). The
current density at 1.0 V (vs. Ag/AgCl) was 15.1 mA/cm?, which
was 31.5 % and 57.2% of the current densities of the Co304-
250 and Co03;04-500 electrodes, respectively. The results
suggest that the porous Co;0,4 nanoplates deliver much better
OER activity than that of the Co(OH), nanoplates.

It is difficult to directly compare the electrocatalytic
activities of the porous Co;04 nanoplates with previously
reported Co;0, catalysts since many factors affect OER, such
as material synthesis methods, catalysts loading, supports, pH
et.al '
mesoporous Co3;04, named as Co3;04-Meso, was prepared by

value of electrolyte solution, Herein, ordered
using KIT-6 mesoporous silica as the hard template at 35 °C,
which exhibited the largest surface area and the best OER

activity in a previous report.** The ordered mesoporous Co;O,

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 Electrochemical performance of catalysts loaded on ITO electrodes.
(a) Linear sweep voltammograms of all catalytic electrodes in 0.1 M KOH.
(b) Calculated TOFs for all catalysts in 0.1 M KOH. (c) Impedance Nyquist
plots of the nanoporous C03;04-250, C0304-300, Co3;04-400 and Co304-Meso
electrodes. (d) Photocatalytic oxygen yield from [Ru(bpy);]*"-persulfate
system for C0304-250 and Co;04-Meso.

(Fig. S6) has a surface area of 128.1 m?*/g. The electrocatalytic
activity of Co3;04-Meso was also evaluated as a comparison.
The overpotentials for 5, 10, 20 mA/cm? current densities were
respectively 596, 652 and 734 mV, which were much larger
than the porous Co3;0,4 nanoplates at the corresponded current
densities. The current density of 20.1 mA/cm?* at 1.0 V (vs.
Ag/AgC)) for Co;04-Meso was 6.3 mA/cm? smaller than that of
C0304-500 and only 42% of Co0304-250. The commercially
available 10 wt% Ir/C catalyst was also measured side by side.
The onset potential of Ir/C catalyst was similar to that of porous
Co50, catalysts, but its OER current density far fell below
those of porous Co3;0,4nanoplates (Fig. 3a). The current density
at 1.0 V (vs. Ag/AgCl) was 13.6 mA/cm?, only 28.4% of that
for Co304-250. These results demonstrate that our approach can
achieve highly active porous Co;0, catalysts for OER.

Assuming that Faraday efficiency is 100 % and every surface
cobalt atom is an active site for OER, the TOF for each catalyst
can be calculated from the electrode current density at an
overpotential of 400 mV. The calculated TOF for C03;04-250
in 0.1 M KOH was 2.81 x 107 s, which was 3.80, 5.35 and
5.01 times higher than those for Co03;04-300, C05;04-400 and
Co0304-500 (Fig. 3b), respectively. The highest TOF and the
lowest overpotentials at a specific current density (Table 1) for
Co0304-250 unambiguously illustrate the importance of specific
physicochemical properties of Co;0, catalysts for OER.

As summarized in Table 1, the surface area of Co03;04-250
(160.9 m%*/g) is only 1.16 ~ 1.84 times larger than those of
Co050, catalysts, while the TOF of Co03;04-250 is 3.80 ~ 5.35
times higher than those of Co;0, catalysts. Hence, surface area
cannot afford the explanation of OER activities in this work.
Ideally, the surface activity of cobalt-based active sites should
be equal for all catalysts if they are under the same reactive

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 (a) Linear voltammograms of C0304-250 in 0.01 M, 0.1 M and
1.0 M KOH without iR correction. (b) Plot of overpotentials of Co30s4-
250 vs. specific current densities of 5, 10, 20 mA/cm?* in 0.01 M, 0.1 M
and 1.0 M KOH. In 0.01 M KOH, the current densities of 10 and 20
mA/cm? for Co;04-250 electrode were not observed under the applied
potentials of 0.4-1.0 V (vs. Ag/AgCl). (c) Electrochemical performance
of C0304-250, Co304-Meso and commercial 10 wt% Ir/C after 95% iR
corrections in 1.0 M KOH. (d) Tafel plots of C03;04-250 and Co3;04-
Meso catalysts loaded on ITO recorded in 1.0 M KOH.

environmental, leading to the same values of TOFs for all
Co30, catalysts. Such a high TOF for C0504-250 can be partly
attributed to the high pore density and the small crystalline size
of nanowalls of C0304-250, which both provide more corner
and edge sites. It is well known that the catalytic active atoms
at corner or edge sites of a catalyst with a lower coordination
This
phenomenon becomes significant for nanoscale catalysts, which

number always exhibit a higher catalytic activity.

was neglected in previous studies on the surface area effect of
Co30,4 nanoparticles on OER.!®

Herein, the crystalline size of C03;0,4-250 (Fig. 2a) is around
3.0 nm, which is much smaller than those of other porous
Co30,4 nanoplates (Fig. 2) and 6.5 nm of Co304-Meso (Fig. S6).
The amount of the corner and edge cobalt atoms of Co;0,4-250
is much larger than that of other Co3;0, catalysts. Therefore, a
higher activity of C030,4-250 for water oxidation was expected
and indeed observed.

Although the surface areas of C0304-400 and Co030,4-500 are
smaller than that of Co3;0,-Meso and their crystalline sizes are
larger than that of Co;0,4-Meso, the calculated TOFs are still
near 1.5 times higher than that of Co3;04-Meso. This result
might be explained by the diffusion of electrolyte and the
transport of the generated O,. The O, regeneration on each
active site could only happen after the escape of the produced
O,. The channel length of the Co3;04-Meso catalysts is usually
over hundreds of nanometer, with a much longer pathway for
the escape of the generated O, and the diffusion of the
electrolyte. In contrast, porous Co;0, nanoplates with a 10 nm
thickness may provide a much shorter channel length. The
diffusion of electrolyte or the generated oxygen can be
evaluated using Nyquist plots obtained from EIS (Fig. 3¢). In
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Fig. 5 Chronoamperometric measurements of Co0304-250 and
commercially available 10wt % Ir/C catalysts biased at 0.8 V (vs.
Ag/AgCl) for 140 min in 0.1 M KOH.

the low frequency ranges of the Nyquist plots, the straight line
corresponds to the Warburg resistance relative to the diffusion
of the electrolyte within the electroactive materials. Generally,
the higher slope indicates more efficient diffusion of the
electrolyte. *"**> The slopes of the Nyquist plots are 82.8°, 77.5°
and 74.5° for C0504-250, C0;04-400 and Co504-500 electrodes,
which are much larger than that of Co03;04-Meso (69.0°).
Therefore, the much more efficient diffusion of electrolyte for
porous Co30,4 nanoplate electrodes can help the escape of the
generated O, and hence improve the OER activity of the porous
Co30,4 nanoplates.

The iR-correction (Fig. S7) was also performed to further
evaluate the activities of the catalysts. Fig. S7 shows the 95%
iR-corrected polarization curves of the Co0304-250, Co0304-
Meso and Ir/C catalysts on ITO electrodes in 0.1 M KOH. The
measured current density of the Co0304-250 electrode at 1.0 V
(vs. Ag/AgCl) was 140.0 mA/cm?, which was 4.67 and 8.92
times higher than those for the Co;04-Meso and Ir/C electrodes,
respectively. To the thermodynamic side, the overpotentials for
the C030,4-250, Co304-Meso and Ir/C catalysts at 10 mA/cm?
current density were 490, 634, and 700 mV, respectively. The
results also confirm that Co03;04-250 with the largest surface
area, the smallest crystalline size and the shortest pore length
has the best activity for water oxidation, compared to ordered
mesoporous Co;0, and commercially available Ir/C catalysts.

Photocatalytic water oxidation

To further confirm oxygen evolution activities, the
photocatalytic activities of porous C0;04-250 and Co;0,4-Meso
were also evaluated in a [Ru(bpy);]*'-persulfate system, in
which [Ru(bpy);]*" acts as the light sensitizer and persulfate
functions as sacrificial electron acceptor.'”***° The catalytic
performance of the two catalysts was measured in a typical
Clark electrode system. In Fig. 3d, the porous Co0304-250
catalysts exhibited a higher activity for oxygen evolution than
the Co304-Meso catalysts. The calculated TOF of 4.2 x 104s!
per Co atom or ~ 3.2 x 10 > s™ per surface Co atom for the
C0304-250 catalysts is higher than the TOF (2.1 x 10*s™ per
Co atom) of Co;0,-Meso and the TOFs (2.0 ~ 4.02 x 105!

per Co atom) reported for mesoporous Co3;O, and Co;0,

6 | J. Name., 2012, 00, 1-3

nanoclusters supported in mesoporous silica.'”***° The results
further indicate that the porous Co3;0, nanoplates display a
feature of the high OER activity for the photocatalytic water
splitting reaction.

Effect of the electrolyte basicity on the catalytic activity of
C0304

The concentration of electrolyte also significantly affects the
The
catalytic behaviors of all catalysts were also evaluated under
the 0.01 and 1.0 M KOH solutions. As shown in Fig. 4 and Fig.
S8, the catalytic performance of the catalysts in 0.01 M and 1.0
M KOH was very similar to those in 0.1 M KOH, in which
Co0304-250 showed the highest OER activities. Plots of
electrocatalytic activities of C0304-250 vs. potential in various

activity of Co30,4 nanostructures for water oxidation.

concentrations of KOH are presented in Fig. 4a. A low current
density of 5.43 mA/cm* at 1.0 V (vs. Ag/AgCl) is observed for
Co0304-250 in 0.01 M KOH. Increasing the concentration of
KOH to 0.1 M and 1.0 M gives a much higher current density
of 47.9 and 220.7 mA/cm?, respectively. As shown in Fig. 4b,
the overpotentials of 720, 472 and 414 mV were recorded at 5
mA/cm? current density for 0.01 M, 0.1 M and 1.0 M KOH,
respectively. The observation is very consistent with previous
report that raising the concentration of OH™ in the electrolyte
can increase the OER activity of Co;0, catalysts.*

Fig. 4c presents the electrocatalytic activities (with iR
correction) of Co0304-250, Co304-Meso and commercially
available Ir/C catalysts in 1.0 M KOH electrolyte solution.
Similar to the results of electrochemical performance of three
catalysts in 0.1 M KOH, C050,4-250 catalysts displayed the best
activity, in terms of the highest current densities at the specific
applied bias and the lowest overpotentials at the specific current
densities. We also fitted the polarization curves of C03;0,4-250
and Co0304-Meso shown in Fig. 4c to the Tafel equation. As
presented in Fig. 4d, the derived Tafel slopes for Co3;04-250
and Co304-Meso are 71 and 98 mV/dec, respectively.
Considering the difference in their crystalline sizes, the lower
value of Tafel slope for Co;0,-250 may be attributed to the
smaller crystalline size by providing the abundant amount of
the active surface sites with low coordination numbers,
compared that of Co;04-Meso. The value of the Tafel slope of
Co0304-250 is close to that reported for the reduced porous
Co0;0, nanorwires (72 mV/dec),* Co;0, nanoparticles (78
mV/dec) and Co;04/graphene composites (68 mV/dec),*
suggesting a high OER activity of the porous Co;0,4 nanoplates.

Catalytic stability of Co;0,-250

Besides the catalytic activity, material stability is another major
concern to design cost-effective OER catalysts. The stability of
Co0304-250 by running chronoamperometric responses (i-t) at
0.8 V (vs. Ag/AgCl) in 0.1 M KOH was performed. During the
measurements, the working electrode was continuously rotating
at 1600 rpm to remove the generated O, bubbles. As given in
Fig. 5, the stabilized current density indicates no obvious
deactivation of Co03;0,4-250 over 140 min, while an apparent
dropped current density for commercially available Ir/C was

This journal is © The Royal Society of Chemistry 2012
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recorded at the initial period. The results suggest that the
Co0304-250 exhibits a good catalytic stability under the strong
alkaline conditions, despite its nature of high surface area and
nanoscale crystalline size.

Conclusions

In summary, we have reported a new type of ultrathin porous
involving the synthesis of B-Co(OH),
precursor structures

Co504 nanoplates,

nanoplates as and subsequent high
temperature treatment in air. The pore size, pore density and
crystalline size of the nanowalls can be easily tunable by the
annealing temperatures. Performing the catalytic reaction under
the same conditions, the highest catalytic activity was achieved
with C0304-250, which has the largest surface area, the smallest
crystalline size, the shortest oxygen escape length, and the most
efficient electrolyte diffusion within the electrodes. Hence,
Co0304-250 catalysts provide more surface catalytic sites and
more corner and edge sites with high catalytic activity and
ensure the efficient charge and chemical transfer due to the
Co0;04-250

catalysts exhibit a high catalytic activity (reflected by the

structural features. Combining all together,
values of TOFs and Tafel slope). The excellent electrochemical
stability of Co304-250 catalysts was also demonstrated.
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