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In this paper, we report a metal ion-induced synthesis of a-Co(OH), nanoplates as high-capacity
supercapacitors and water oxidation electrocatalysts, which were synthesized by using metal ions of A"
as a structure-inducing agent through hydrothermal treatment. When used as electrode materials in
supercapacitors, a-Co(OH), nanoplates exhibit good capacitive properties of 709.1 F g~* at a current
density of 1 A g~%, maintaining 95.8% of the initial capacity at the current density of 5 A g* after 1000
cycles. The a-Co(OH), nanoplates can effectively oxidize water, showing excellent OER activity with
a small overpotential of 348 mV at the current density of 10 mA cm™2 and a large mass activity of 28.2 A
g™, much higher than that of the B-Co(OH), particle electrocatalyst (0.2 A g%). These results provide

a new and facile approach to fabricating high-performance electrodes for supercapacitors and water

www.rsc.org/advances oxidation electrocatalysts.

Introduction

Cobalt hydroxide, one of the most competitive electrode mate-
rials for next-generation high-performance supercapacitors and
water oxidation electrocatalysts, has been widely researched for
its unique layer structure, excellent electrochemical property,
low cost and environment-friendliness.'®> However, as super-
capacitors, the experimental specific capacitances of prepared
Co(OH), electrodes are much lower than the theoretical value,
and they have poor cycle stability.*® Thus, it is a big challenge
for scientists to improve the experimental specific capacitance
and cycle stability of Co(OH), electrodes. An effective water
oxidation electrocatalyst that can speed up the reaction,
decrease the overpotential, and thus enhance the energy
conversion efficiency is highly desired.**

As is well-known, materials' properties depend greatly on
their size, shape and crystal structure; therefore, the control of
the shape/structure of materials has become one of the hottest
topics in materials science."* During crystal growth, the shape
evolution is principally driven by the growth environment.
Thus, the species in the growth environment play important
roles; introducing additives into the synthesis system may be an
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effective way to induce some new shapes with abundant crystal
defects, since the additive would possibly interact with some
atomic configurations to change the relative surface
stability.”* Crystals with abundant defects are beneficial in
improving the electrochemical performance in terms of pseudo-
capacitance and the electrocatalysis of water. Moreover, the
sheet or plate-like structures of Co(OH), can provide large inter-
sheet spacing for transferring the ions rapidly and increasing
the electroactive material-electrolyte interface area.”*>* There-
fore, many attempts have been applied for the synthesis of
layered nanostructures of Co(OH), with abundant defects. It has
been found that substitution of the cobalt ions by other metal
ions can produce multi-phase metal oxides/hydroxides and
introduce abundant structural defects.>*® Theoretically, the
incorporation of inactive metal ions into the lattice can stabilize
the crystal structure of a-Co(OH), during the electrode reac-
tions. Thus, the capacitance properties and cycle stability of the
o-Co(OH), electrode are expected to be improved significantly.
Tang et al. have synthesized interconnected Zn-substituted a-
Co(OH), nanosheets on nickel foam substrates with good cycle
ability through the electrochemical deposition method.>® Gupta
et al. have synthesized Al-substituted a-Co(OH), on stainless
steel electrodes by a potentiostatic deposition process.”” All
these efforts employ electrochemical deposition; there are very
few reports that use the solution method for synthesis of plate-
like Al-substituted o-Co(OH),.

In this paper, we provide a new method for the controllable
synthesis of a-Co(OH), nanoplates by using Al*" metal ions as
structure-inducing agents and ammonium solution as the alkali
source through a hydrothermal method. The electrochemical
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performance of as-prepared a-Co(OH), nanoplates as electrode
materials for supercapacitors and as water oxidation electro-
catalysts were systematically measured.

Results and discussion

Fig. 1a shows the XRD pattern of the as-prepared sample
controlled by AI** ions. All the diffraction peaks can be indexed
to the standard crystallographic spectrum of the layered a-
Co(OH), (JCPDS: 46-0605),>*° indicating that pure o-Co(OH),
products were obtained under the synthetic conditions, the
octahedral Co®" ions were partially substituted by Al** ions, the
incorporated AI*" ions did not obviously change the crystal
structure of o-Co(OH),, and the layered «-Co(OH), was
prepared.

As AI** ions were used in the reaction system, X-ray photo-
electron spectroscopy (XPS) was used to identify the content of
Al element. Fig. 2a shows the spectrum of the sample, indi-
cating the presence of Co, Al and O elements. The high-
resolution XPS spectrum shown in Fig. 2b gives the binding
energies of Al 2p, corresponding to 75.02 eV, with weak inten-
sity. Fig. 2c presents the binding energies of Co 2p;3, and Co
2p1/2, at 782.2 and 798.2 eV. The atomic concentrations of O 1s,
Co 2p and Al 2p obtained by XPS are 41.67%, 11.85% and
6.31%, respectively, which shows that the Al/Co atomic ratio in
a-Co(OH), nanoplates is 53.25%. We also measured the
contents of Al and Co element in «-Co(OH), nanoplates by
inductively coupled plasma spectroscopy (ICP), and the results
show that the Al/Co atomic ratio in a-Co(OH), nanoplates is
21.56%. These results suggest that the Al content on the surface
is much higher than that in the body of a-Co(OH), nanoplates,
since XPS provides the information for the top layers (1-10 nm)
of the surface. They confirm that AI** ions would partially
occupy the position of Co®>" ions and direct the growth to form
plate-like a-Co(OH), nanocrystals. The sample's Raman spec-
trum is shown in Fig. S1.1

Fig. 3a-c show scanning electron microscope (SEM) and
transmission electron microscope (TEM) images of the

a
J L Mo, Mo

-~
=
< PDF#46-0605
N’
%| A O | P PO | I
w
< M
5-'; | POROPY NG AR
P et

PDF#74-1057

Aol
50 60 70 80

10 20 30

[ ||.
40
20 (°)

Fig. 1 XRD patterns of (a) the as-prepared sample controlled by AlCls
and (b) the sample synthesized without AlCls; vertical marks corre-
spond to the standard XRD pattern for a.-Co(OH), and B-Co(OH)s.
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Fig.2 (a) XPS spectra, (b) Al2p and (c) Co 2p spectrum of the obtained
sample controlled by AlCls.

obtained a-Co(OH), sample controlled by AlI** ions. As shown in

Fig. 3a and b, the majority of the sample comprises plate-like
nanocrystals. From the high-magnification SEM images
shown in Fig. 3c, it can be seen that these nanoplates are about
200 nm in side length and several nanometers in thickness and
are generally hexagonal in shape. Fig. 3d-f show the sample's
TEM images and the HRTEM image with SAED pattern. The
TEM images also confirm that majority of the obtained sample
has a hexagonal shape with a side length of about 200 nm. The
HRTEM image (Fig. 3f) of a hexagonal nanoplate shows one set
of lattice fringes with interplanar distance of 2.7 A, corre-
sponding to the (100) plane. Similar results are obtained from
the SAED pattern with a perfect hexagonal spot pattern as
shown in Fig. 3f inset. Thus, the HRTEM image of the hexagonal
planar nanocrystal is projected from the [001] zone axis.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a—c) SEM images, (d and e) TEM image and (f) HRTEM image
along with the SAED pattern (inset) of a-Co(OH), nanoplates.

In the reaction system, AI** ions may be the reason for the
formation of «-Co(OH), nanoplates. Without the addition of
AICl;, when only the mixture of CoAc, and ammonium solution
was hydrothermally treated, as shown in Fig. 4a and b, only
irregular particles and microplates were obtained. The sample's
XRD pattern is shown in Fig. 1b; all the diffraction peaks can be
indexed to the standard crystallographic spectrum of B-Co(OH),
(JCPDS: 74-1057),*° indicating that pure B-Co(OH), products
were obtained without the addition of AICI;.

When NaCl is substituted for AlICl;, the obtained product
comprises some irregular particles as shown in Fig. 4c and d.
The sample's XRD pattern is shown in Fig. S2;t the diffraction
peaks can be indexed to the mixture of B-Co(OH), and Co030,.
These results confirm that the existence of AI** ions, not the CI~
anions, is the main reason for the growth of o-Co(OH),
nanoplates.

As is known, the properties of nanomaterials depend greatly
on the structures of the materials; a-Co(OH), has been widely
researched as the electrode material for supercapacitors due to
its high theoretical specific capacitance. In this paper, the
electrochemical properties of obtained samples were first eval-
uated using a three-electrode device in 1 M KOH aqueous
solution. The measurements were conducted using cyclic vol-
tammetry (CV), with the voltage window of 0-0.55 V and
a scanning rate of 2-50 mV s . The obtained CV curves are
shown in Fig. 5. The CV curves are nearly symmetrical and
display two pairs of redox peaks. The redox reaction peaks of
Co(OH),, which come from the reversible redox processes of
Co(OH),/CoOOH/C00,, are characteristic peaks of the electro-
chemical pseudocapacitors from reversible redox reactions

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 SEM images of (a and b) the sample without AlCls and (c and d)
the sample controlled by NaCl.

occurring within the electro-active materials.***' Fig. 5a shows
the CV curves of a-Co(OH), nanoplates and B-Co(OH), particles
at a scanning rate of 5 mV s~ . The area under the CV curve for
a-Co(OH), nanoplates is apparently much larger than that of -
Co(OH), particles, which indicates that o-Co(OH), nanoplates
have a higher specific capacitance than B-Co(OH), particles.
Fig. S31 shows the nitrogen adsorption-desorption isotherms of
the samples. The surface area of a-Co(OH), nanoplates is 93.46
m?” g~', much higher than that of B-Co(OH), particles (42.00 m*
g~ "). The higher surface area and the plate-like nanostructures
provide fast ion and electron transfer and a large reaction
surface area, benefiting the electrochemical performance.** As
shown in Fig. 5b and c, changing the scanning rate from 2 to
50 mV s~ ' subsequently increases the cutrent density with
a small positive shift of the oxidation peak potential and a small
negative shift of the reduction peak potential; this may be
related to the reaction ability and the OH™ concentration at the
interface between electrode and electrolyte.
Chronopotentiometry measurements confirm the sugges-
tions. Fig. 6 shows charge-discharge curves of o-Co(OH),
nanoplates and B-Co(OH), particles in the potential range of 0-
0.55 V in 1 M KOH. From the sloped curve at the discharge
current of 1 A g ', the specific capacitances of a-Co(OH),
nanoplates and B-Co(OH), particles are calculated to be 709.1 F
¢ ' and 44.2 F g, respectively. The specific capacitance of o-
Co(OH), nanoplates is much larger than that of B-Co(OH),
particles, confirming the suggestion rising from the CV curves.
As shown in Fig. 6b, when the discharging current densities are
0.5,1,2,5,10and 25 A g~ %, the specific capacitance values of the
o-Co(OH), nanoplates can be calculated from the discharge
curves to be 575.5 F g~ ', 709.1 Fg~ ', 669.1 F g~ *, 610.9 F g~ ',
543.6 F g ' and 309.1 F g™, respectively. Fig. S41 shows the
Nyquist plots of a-Co(OH), nanoplates and B-Co(OH), particles
before charge-discharge cycling. The semicircle in the high-
frequency range corresponds to the faradaic reaction.>*3%* It
can be seen from the inset of Fig. S31 that the sample synthe-
sized with AI** ions exhibits a much more obvious semicircle

RSC Adv., 2017, 7, 3783-3789 | 3785
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Fig. 5 CV curves in a three-electrode system of (a) a-Co(OH),
nanoplates and B-Co(OH), particles at a scanning rate of 5 mV s, (b)
a-Co(OH), nanoplates at a scanning rate of 2-50 mV s~ ! and (c) B-
Co(OH), particles at a scanning rate of 2-50 mV st

than the sample without AI** ions, which implies a much more
intense faradaic reaction for Al-substituted electrodes and
a longer activation process. The linear portion at lower
frequency represents the Warburg impedance, and the higher
slope indicates that a-Co(OH), nanoplates possess faster ion
transfer.>¢

Fig. 7a shows the Ragone plots of a-Co(OH), nanoplates
and B-Co(OH), particles measured in 1.0 M KOH electrolyte at
different current densities. The energy density is obtained as:
E = CAV*/2 x 1000/3600, where C is the specific capacitance
value, and AV is the maximum testing potential, which is
0.55 V in this work. The power density is calculated as: P =
3600E/t, where E is energy density and ¢ is the discharging time
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Fig. 6 Charge—discharge curves in a three-electrode system of (a) a.-
Co(OH), nanoplates and B-Co(OH), particles at a charge—discharge
current density of 1 A g~ and (b) a-Co(OH), nanoplates at different
current densities.

(s).2***** As shown in Fig. 7a, the power density increases from
275 to 6875 W kg™ ! when energy density decreases from 29.8
to 13.0 W h kg~ for a-Co(OH), nanoplates, while the energy
density decreases from 2.0 to 0.4 W h kg™ ' for B-Co(OH),
particles. Based on the result, we can see that the a-Co(OH),
nanoplate electrode is capable of delivering high power
without remarkable loss in energy, indicating its promising
application in supercapacitors. Compared with these two
electrode materials, «-Co(OH), nanoplates possess much
higher energy than B-Co(OH), particles at the same power
density, which is consistent with the result of charge-
discharge curves.

For practical applications, long cycle life is a very important
factor of supercapacitors; thus, the cycle charge-discharge test
was employed to examine the service life of a-Co(OH), nano-
plates. Fig. 7b gives the variation of specific capacitance with
cycle number to 1000 cycles at a constant current density of 5 A
¢! in 1.0 M KOH electrolyte. The capacitance of a-Co(OH),
nanoplates reaches a high value of 498.2 F g~ " at the first cycle,
and it gradually comes down to 477.3 F g~ ', a 95.8% retention of
the initial capacitance, while -Co(OH), particles reach 32.9 F
¢ ! at the first cycle and then 31.9 F g%, a 96.9% retention of
the initial capacitance. This result reveals that o-Co(OH),
nanoplates and B-Co(OH), particle electrodes all have good
cycle properties, but the B-Co(OH), particle electrode has lower

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) Ragone plot of the electrode made from the samples at
different current densities and (b) cycling properties of the samples at
current density of 5 A g%,

capacitance properties, so o-Co(OH), nanoplates can serve as
a better electrode material for electrochemical capacitors.

The water oxidation activities of a-Co(OH), nanoplates were
evaluated by steady-state electrochemistry measurements in
1 M KOH aqueous solutions using a typical three-electrode
device. As shown in Fig. 8a, the polarization curve recorded
with the a-Co(OH), nanoplates reveals a markedly small onset
potential of 1.51 V for the OER, beyond which the anodic
current rises fast by applying a smaller overpotential. In
contrast, B-Co(OH), particles shows an inferior OER activity
with a larger onset potential of 1.59 V and slower current
increase. The mass activity of a-Co(OH), nanoplates is 28.2 A
g~ " at a quite small overpotential of 348 mV, while it is only 0.2
A g for B-Co(OH), particles (see Fig. 8b and Table S11). The
overpotential of 449 mV at 10 mA cm ™2 for B-Co(OH), particles
is evidently higher than that of «-Co(OH), nanoplates (Table
S17). The a-Co(OH), nanoplates also exhibit a linear increase in
TOF with overpotential, affording much higher TOFs than B-
Co(OH), particles (inset of Fig. 8b). The above results demon-
strate that o-Co(OH), nanoplates have an excellent catalytic
water oxidation activity, remarkably outperforming B-Co(OH),
particles. The water oxidation activities are related to the elec-
tronic property of «-Co(OH), nanoplates. Electrochemical
impedance characterization was used to determine the elec-
tronic property. Fig. 8c reveals a decreased transport resistance
of a-Co(OH), nanoplates (inset of Fig. 8c).
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Fig. 8 (a) Polarization curves, (b) mass activities and TOFs (inset) and (c)
electrochemical impedance spectra of a-Co(OH), nanoplates and B-
Co(OH); particles.

Conclusions

In summary, a-Co(OH), nanoplates were synthesized by using
metal ions of AI** as a structure-inducing agent through
hydrothermal method. As electrode materials for super-
capacitors, the o-Co(OH), nanoplates exhibit a good capacitive
property of 709.1 F g~ " at the current density of 1 A g~ and
a long cycle life, maintaining 95.8% of the initial capacity at the
current density of 5 A g~ after 1000 cycles. The a-Co(OH),
nanoplates also can effectively oxidize water with excellent OER
activity, with a small overpotential of 348 mV at the current
density of 10 mA cm™? and large mass activity of 28.2 A g™ .
These results provide a new and facile approach to fabricating

RSC Aadv., 2017, 7, 3783-3789 | 3787
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high-performance electrodes for supercapacitors and water
oxidation electrocatalysts.

Experimental section
Preparation of «-Co(OH), nanoplates

In a typical procedure, the starting solution was prepared by
adding 0.4982 g of CoAc, (analytically pure) in 20 mL of 0.025 M
aluminum chloride solution under magnetic stirring. Then, 2
mL of ammonia solution (25%, analytically pure) was added.
After 10 min of stirring, the mixture was transferred to and
sealed in a 50 mL Teflon-lined autoclave, kept at 120 °C for 6 h,
and finally cooled to room temperature. The precipitate was
collected by centrifugation (6000 rpm, 1 min), washed alter-
nately with deionized water and ethanol, and dried in air under
ambient conditions.

Characterizations

Powder X-ray diffraction (XRD) patterns were collected using
a Bruker D8 ADVANCE diffractometer with Cu Ko radiation (A =
1.5418 A) from 26 = 5-80°. Scanning electron microscopy (SEM)
characterizations were performed on Hitachi S-4800 at 5 kV.
Transmission electron microscopy (TEM) images were obtained
using a JEOL JEM-2100 transmission electron microscope
operating at 200 kV. X-ray photoelectron spectra (XPS) were
collected on an ESCALab MKII X-ray photoelectron spectrom-
eter, using nonmonochromatized Al Ka X-ray as excitation
source. The binding energies were corrected for specimen
charging by calibrating the C 1s peak to 284.6 e€V. Raman
spectra were recorded on an RM2000 Raman microscope from
Renishaw Scientific with a 514 nm solid laser as excitation
source. The specific surface areas of the samples were measured
by using nitrogen sorption-desorption at 77 K on a surface area
analyzer (Micromeritics TriStar 3000, USA) and calculated with
the BET method.

Electrochemical measurements

Supercapacitors measurements. A three-electrode system
was used to measure the electrochemical properties of the as-
prepared «-Co(OH), nanoplates, in which «-Co(OH), nano-
plates were used as the working electrode, platinum wire as the
counter electrode, and a standard calomel electrode (SCE) as
the reference electrode in 1 M KOH aqueous solution as elec-
trolyte. The working electrode was prepared by mixing 80 wt%
of electroactive material, 10 wt% of acetylene black, 10 wt% of
polytetrafluoroethylene and a few drops of isopropyl alcohol as
a solvent. This mixture was then coated onto the foamed nickel
electrode and dried at 60 °C for 12 h. The electrochemical
performance measurements were carried out on a CHI 660e
electrochemical workstation. Cycle voltammetry (CV) and gal-
vanostatic charge-discharge tests were used to determine the
electrochemical properties of the electrodes.

Oxygen evolution reaction measurements. All measurements
were carried out at room temperature. The modified electrode
was prepared as follows: 0.004 g of electrocatalyst powder was
dispersed in 1.5 mL DI-water and 0.5 mL ethanol mix solvent
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View Article Online

Paper

with 60 pl 5% Nafion. Then, 10 pL of the solution was dropped
onto the surface of a glassy carbon electrode (r = 3 mm) and left
to dry in air for 12 h. The electrochemical measurements were
all carried out on a CHI660e electrochemical workstation with
a conventional three-electrode electrochemical cell. A GC elec-
trode modified with electrocatalyst powder was used as working
electrode, saturated Ag/AgCl as the reference electrode and
a platinum wire as the counter electrode. All the electro-
chemical measurements were conducted in 1 M KOH electro-
lytes bubbled with oxygen for 30 min in order to ensure H,0/O,
equilibrium at 1.23 V versus the reversible hydrogen electrode
(RHE). The polarization curves were measured at a sweep rate of
5 mV s~ '. Electrochemical impedance spectroscopy (EIS) data
were recorded with a frequency range of 0.01-1000 kHz at a bias
potential of 1.6 V vs. RHE.
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