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Abstract

Uniform cobalt hydroxide nanoplates were prepared via pulse cathodic electrodeposition and their electrochemical performance was
investigated using cyclic voltammetry and charge—discharge tests. The deposition experiments were performed in the pulse current (PC) mode by
applying typical on-times and off-times (f,,=35 s and f,s=10s). The mechanism of deposit formation and growth on the cathode surface is
discussed in detail. The obtained deposit was characterized by CHN, XRD, IR, BET, SEM and TEM techniques. The analyses results revealed that the
obtained deposit has a single phase of the hexagonal brucite-like -Co(OH), which is composed of completely uniform nanoplates with angles of
adjacent edges of 120° and edge lengths ranging from 200 to 300 nm. The supercapacitive investigation by cyclic voltammetry and charge—discharge
tests showed that the prepared nanoplates have high contribution of active materials in the redox reactions where they presented a high specific
capacitance of 1012.7 F g~ " at current density of 2 A g~ " and an excellent cycling stability of 92% capacity retention after 1000 cycling. The average
coulombic efficiencies of 99.5%, 94% and 90% were also observed for the 10th, 500th and 1000th charge—discharge cycles at the applied current

density of 2 A g~ '. These findings verified the promising application of the prepared nanoplates as an electrode material for supercapacitors.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The properties of nanostructured materials are dependent on
the shape of building blocks. Although many researches have
been demonstrated, controlling the shape of building blocks is
still a great challenge. In the past decade, one-dimensional
nanostructures such as nanorods, nanowires and nanotubes
have been intensively studied due to their novel properties and
potential applications [1]. Two-dimensional nanoplates or
nanosheets possess interesting properties because of their high
anisotropy and ultra-thickness [2,3]. Nanoplates are considered
as ideal systems for the investigation of dimensionally
confined transport phenomena and as the ideal bases upon
which to build functional devices. Therefore, it would be
interesting to develop new methods for the synthesis of
nanoplates of a variety of compounds.
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Co(OH), materials have been attractive in view of their
layered structure with large interlayer spacing, their well-
defined electrochemical redox activity, and the possibility of
enhanced performance through different preparative methods
[4-11]. An emerging application of Co(OH), is an electrode
material for electrochemical supercapacitors [12—15]. In the
supercapacitive application, the sheet or plate-like structures
are beneficial in improving the electrochemical performance of
Co(OH),. These structures can provide large inter-sheet spa-
cing for transferring the ions rapidly and increasing the
electroactive material—electrolyte interface area i.e. electrolyte
penetration which results in high utilization of the electrode
materials. In addition to the inter-sheet spacing, the micro-
structure or morphology of the plates i.e. their thickness and
porous nature has an important role in the electrochemical
performance of these structures. It is obvious that thin and
porous plates can result in a high surface area which produces
large reaction sites and shortened ion diffusion paths, and a lot
of pores cause better electrolyte penetration.
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Co(OH), is well-known to crystallize in two polymorphs, o
and P [16,17]. The B form is a stoichiometric phase of the
composition Co(OH), with brucite-like structure and consists
of a hexagonal packing of hydroxyl ions with Co(Il) occupy-
ing alternate rows of octahedral sites [18,19], while the a-
hydroxide is reported to be isostructural with hydrotalcite-like
compounds that consist of positively charged Co(OH),_,
layers and charge balancing anions (e.g., NOj, CO%‘, Cl,
etc.) in the interlayer gallery [20-25]. The a-Co(OH), is
theoretically expected to exhibit superior electrochemical
activity as compared to its p-counterpart because of its poorly
or turbostratically crystallized structure. The a-Co(OH), is
metastable and easily undergoes a phase transformation into
the more stable brucite-like B-Co(OH), phase in strongly
alkaline media. So, f-Co(OH), is often selected as an additive
of alkaline secondary batteries owing to its stability in alkaline
electrolytes and enhanced conductivity when changed to f-
CoOOH [26].

It has been identified that electrochemical behavior of Co
(OH), markedly depends on its grain size, morphology and
crystal structure [27,28]. Since electric double-layer capaci-
tance and pseudo-capacitance are both an interfacial phenom-
enon, the sheet or plate-like structures of Co(OH), are
beneficial in improving its electrochemical performance. In
fact, these structures are inclined to form a layered structure
that can provide large intersheet spacing for transferring the
ions rapidly and increasing the electroactive material-electro-
Iyte interface area. As a result, many attempts have been
applied for the synthesis of layered nanostructures of Co(OH),.
For example, several routes based on hydrothermal and
solvothermal processes have been developed for the synthesis
of nanosheets and/or nanoplates of Co(OH), [29-32]. But
there are only a few reports about the electrochemical synthesis
(i.e. cathodic electrodeposition) of Co(OH), nanoplates and
investigation of their electrochemical behavior. Furthermore,
to the best our knowledge, pulse cathodic deposition of Co
(OH), has been rarely studied. In fact, there is no research on
the pulse cathodic deposition of Co(OH),. In the previous
works, we applied galvanostatic cathodic deposition for the
synthesis of layered nanostructures of Co(OH), and found that
porous nanosheets [33] and leaf-like nanostructures [34] of
B-Co(OH), are easily achievable by applying the current
densities of only 2 and 1 mA cm ™2, respectively. The specific
capacitances of 1047.3 Fg~' and 772.8 F g~ ' were obtained
for porous nanosheets and leaf-like nanostructures, respec-
tively, in aqueous 1 M KOH within the potential range of
—0.3 t0 0.5V (vs. Ag/AgCl) at the scan rate of 10 mV s~ .
Furthermore, we observed that cathodic deposition from low-
temperature (10 °C) nitrate bath at the same condition applied
in Ref. [34] results in uniform B-Co(OH), disc-like nanoplates
with nanostructures capable of delivering a specific capaci-
tance of 736.5 F g~ in aqueous 1 M KOH within the potential
range of —0.2 to 0.5V (vs. Ag/AgCl) at the scan rate of
10mVs™! [35]. In this work, we applied, for the first time,
pulse current mode in the cathodic deposition of cobalt
hydroxide from nitrate bath, and found that high surface area
and uniform nanoporous nanoplates of f-Co(OH), are easily

achievable by this route. The supercapacitive performance of
the prepared nanoplates was evaluated by cyclic voltammetry
(CV) and charge—discharge techniques.

2. Experimental procedure
2.1. Chemicals

Co(NOs), - 6H,O (Merck), polytetrafluoroethylene (PTFE,
Merck), acetylene black and KOH (Merck) were used as
received. All solutions were prepared by using purified water
by a UHQ Elga System. Aqueous solution of 5mM Co
(NO3), - 6H,O was prepared for electrodeposition.

2.2. Synthesis procedure

An electrochemical cell was constructed using a stainless-
steel (316 L, size 1 cm x 1 cm x x 0.5 mm) cathode centered
between two parallel graphite anodes. Prior to each deposition,
the steel substrates were given a galvanostatically electropol-
ishing treatment [33]. The deposition experiments were
performed in the pulse current (PC) mode at typical on-times
and off-times (#,,=5 s and 7= 10 s) with an average current
density of 1 mA em 2 (I,=1 mA cm~?). After electrodeposi-
tion, the steel electrodes were brought out from the electrolyte
and washed several times with deionized water, and dried at
RT for 48 h. The deposit was then scraped from the steel
electrode and subjected to further analyses.

2.3. Instrumentation

The crystal structure of the prepared samples was deter-
mined by powder X-ray diffraction (XRD, Phillips PW-1800)
using Cu Ka radiation. The sample morphology was examined
using scanning electron microscopy (LEO 1455VP) and
transmission electron microscopy (TEM, Phillips EM 2085).
Carbon, nitrogen, and hydrogen contents of the hydroxide
powder were determined by CHN analysis (using Elementar
Vario ELIIl analyzer). FTIR spectrum was obtained by a
Bruker Vector 22 FTIR spectrometer within the range of 400-
4000 cm ' wave numbers. The measurement of specific
surface area for the prepared sample was performed through
N, adsorption—desorption isotherms at 77 K with a Quanta-
chrome NOVA-2200e system. Cyclic voltammetry (CV) and
galvanostatic charge—discharge tests were performed by use of
a potentiostat (AUTOLAB®, Eco Chemie, PGSTAT 30).

2.4. Electrochemical measurements

The electrochemical measurements were carried out in a
three-electrode electrochemical cell containing 1 M KOH
aqueous solution as an electrolyte. Ag/AgCl (1M KClI,
saturated) and platinum wire were used as the reference
electrode and the counter electrode, respectively. The working
electrode was prepared by mixing the prepared nanostructured
Co(OH),, acetylene black, conducting graphite and polytetra-
fluoroethylene (PTFE) binder (with the weight ratios of
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75:10:10:5, respectively). The total weight of the prepared
mixture was 25 mg. The prepared mixture was pressed under
10 MPa into nickel foam current collectors (1 cm x 1 cm) and
then dried in an oven for 10 min at 70 °C. The CV was
conducted in a potential range between —0.2 and 0.6 V vs.
Ag/AgCl at various scan rates of 2, 5, 10 and 25 mV s~ ' The
constant current charge—discharge tests were carried out at
different current densities of 1, 2, 5, 7 and 10 A g_1 within a
potential range of —0.2 to 0.6 V.

3. Results and discussion
3.1. Hydroxide formation mechanism

The cathodic deposition of metal hydroxides involves two
steps: electrochemical and chemical steps [36,37]. Measuring
the potential values during the deposition process (Fig. la,
—1.14 V vs. Ag/AgCl) revealed that the water reduction has a
major role in the electrochemical step. The strings of gas
bubbles on the cathode surface also confirmed this point.
Fig. 1b shows the mechanism of cobalt hydroxide formation
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Fig. 1. (a) V-t profile during the pulse current electrodeposition of cobalt

hydroxide and (b) schematic view of the deposition mechanism.

on the cathode surface. The electrochemical step includes
water reduction and also production of OH™ ions and H, gas
on the cathode surface (step i in Fig. 1b). This step results in an
increase of local pH at the cathode surface. On establishing the
pH conditions for Co(OH), formation, the chemical step is
started and cobalt hydroxide is sequentially formed and
deposited on the cathode surface (step ii in Fig. 1b). The
cathode potential value (—1.14 V vs. Ag/AgCl) disclosed that
the nitrate ions have no role in the electrochemical step.
However, they can contribute to the chemical step i.e.
intercalation in the hydroxide structure (as schematically
shown in Fig. 1b, step ii). To confirm the intercalation of
nitrate ions, the obtained deposit was analyzed by CHN and
the results showed 0.14% C, 2.81% H and 0.72% N in its
composition. The existence of N in the deposit revealed that
nitrate ions have intercalated in the chemical step as shown in
Fig. 1b. It is worth noting that the pulse electrodeposition can
provide better conditions for the hydroxide deposition [38,39].
In the PC deposition, the electrochemical step is periodically
off (off-times, #,¢) and no base is generated at these times of
the electrodeposition process. These relaxation times of the
electrochemical step cause the chemical step to occur in a
controlled way. Also, during the off-times, Co>™ cations
migrate to the depleted areas in the bath and more evenly
distributed ions are available for deposition onto the cathode.
So, it can be said that cobalt hydroxide has a sufficient time for
the deposition and growth on the cathode surface in the
chemical step of the electrodeposition process. In fact, the
deposition and growth of cobalt hydroxide could occur with a
special regularity, which give it a uniform and regular shape of
morphology (as seen in the SEM images, Fig. 3). While, in the
DC mode, the traffic exists for the deposition and growth of
cobalt hydroxide on the cathode surface.

3.2. Characterizations

Fig. 2a shows XRD pattern of the hydroxide product. All the
peaks can be indexed to pure brucite-like phase of f-Co(OH),
(hexagonal structure, JCPDS file no. 30-443). Compared with
the standard pattern, intensity of the (0 O 1) peak is unusually
stronger than others, implying the preferential orientation of
(0 0 1) on the surface. No diffraction peaks of o phase are
observed, indicating the high purity of the B phase that was
successfully prepared at the applied pulse conditions. The
FTIR spectrum of the prepared hydroxide is shown in Fig. 2b.
The two peaks at 3439 and 1649 cm ™' are associated with the
hydroxyl groups of molecular H,O. The band at 659 cm ™'
corresponds to the oo_y wagging vibration. The peaks at about
1480 and 1049 cm ™' are attributed to the carbonate groups
originating from the reaction of oxide with air—CO, during the
analysis procedure. The peaks at 1384 and 838 cm™' are
related to the v; and v, vibrational modes of NO3™ intercalated
in the interlayers [22]. A sharp peak observed at 3637 cm ™' is
assigned to the hydroxyl group in the brucite-like structure.
The peaks in the region of 480-540 cm ' can be assigned to
metal-oxygen vibrations and metal-OH bending vibrations in
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Fig. 2. (a) XRD pattern and (b) IR spectrum of the prepared hydroxide.

the brucite-like octahedron [41]. Thus, the FTIR measurement
confirms the brucite-like structure of the product.

Fig. 3 shows the surface morphology of the prepared pB-Co
(OH),. The SEM images (Fig. 3a—c) show that the prepared
hydroxide has layered morphology. In fact, a plate-like
structure with regular uniformity is clearly seen in the SEM
images. The plates are at nanoscale and formed the layered
arrays. This configuration of B-Co(OH), plates clearly dis-
closed that their deposition process occurred with a special
regularity as a result of applying the pulse mode in the
deposition experiments. As mentioned above, in the pulse
deposition, the initially formed Co(OH), in the electrochemical
step has enough time for deposition and growth on the cathode
during the off-times, whereas in the DC mode there is a traffic
in the deposition of hydroxide. TEM observations (Fig. 3d)
clearly show that the prepared Co(OH), is composed of
hexagonal plates at nanoscale. The plates are completely
uniform and of well-defined hexagonal form with the sizes
in the range of 200-300 nm. All the plates are regular
hexagons with adjacent edges of angle of adjacent edges of
120° as indicated by arrows in Fig. 3d. From the SEM images
(Fig. 3a—d), the thickness of the Co(OH), plates was calculated
to be 20—40 nm. For this purpose, the thickness of more than
50 plates was calculated.

The surface area of the oxide product was measured using
the Brunauer—-Emmett-Teller (BET) method. Representative
N, desorption/adsorption isotherms and the corresponding
BJH (Barret-Joyner—Halenda) pore size distribution curve of
the Co(OH), nanoplates are shown in Fig. 4. The N, isotherm
of nanoplates has a type IIb form with a large H3 hysteresis
loop, indicating the presence of nanoporous materials accord-
ing to the IUPAC classification [40]. This form is normally
associated with monolayer—multilayer adsorption on an open
and stable external surface of a powder, which may be non-
porous, macroporous or even microporous. Furthermore, type
IIb isotherm is obtained with aggregates of plate-like particles,
which possess non-rigid slit-shaped pores. Because of delayed
capillary condensation, multilayer adsorption is able to proceed
on the particle surface until a high p/py is reached. When
condensation occurs, the state of the adsorbate changes and
desorption curve therefore follows a different path until the
condensate becomes unstable at a critical p/py (as seen in
Fig. 4a). The H3 loop is usually given by the aggregates of
platy particles or adsorbents containing slit-shaped pores [40].
Also, this loop does not terminate in a plateau at high p/py and
the limiting desorption boundary curve is therefore more
difficult to establish as seen in Fig. 4a. The Co(OH),
nanoplates have a high BET surface area of 104 m®g~'.
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The pore size distribution, as calculated by the BJH method
from the desorption branch of the nitrogen isotherm, revealed
that the nanoplates contain pores with a size of 2.01 nm
(Fig. 4b). These nano-pores may exist among small primary
nanoparticles inside the Co(OH), nanoplates. The nano-
porosity and high specific surface area of the prepared
nanoplates promise super-capacitive behavior.

3.3. Electrochemical evaluation

3.3.1. Cyclic voltammetry

Fig. 5a shows the CVs of the prepared p-Co(OH), electrode
in 1 M KOH at the scan rate of 2mV s~ '. As seen in Fig. 5a,
the f-Co(OH), electrode exhibits two pair strong redox peaks
due to the following Faradaic reactions of Co(OH), [13-15]:

charge
—

Co(OH),+OH ™ CoOOH+H,O+e™ (1)

discharge

charge
—

CoOOH +OH ™ C00;+ HyO+e~ )

Discharge

In Fig. 5a, the anodic peak P1 is due to the oxidation of f-
Co(OH), to p-CoOOH and the cathodic peak P2 is for the
reverse process (Eq. (1)). The anodic peak P3 is due to the
oxidation of f-CoOOH to CoO, and the cathodic peak P4 is
for the reverse process (Eq. (2)). The CVs of the p-Co(OH),
nanoplates at various scan rates of 2, 5, 10 and 25 mV s are
also shown in Fig. 5b. The shape of the CV curves is not
significantly influenced by increasing the scan rates, indicating
that ionic conduction and electrolyte diffusion are improved a
result of the high surface area and nanoporous structure
of the prepared plates (as confirmed by BET and SEM). Also,
a quasi-reversible electron transfer process is clearly observed
in the CV curves, indicating that the measured capacitances
are mainly based on the redox mechanism. The average
specific capacitance of the prepared electrode was estimated
from the CVs in Fig. 5b by integrating the area under the

current—potential curve [12]:
1 Ve

C= m(Ve=Vo) Jy, 1(dV) (3)
where C is specific capacitance of f-Co(OH), (F gfl) mea-
sured in the potential range of V,-V,, m is the mass of Co
(OH), (g), v is the scan rate (V s~ and I(V) is a current
response depending on sweep voltage. Using Eq. (3), the
specific capacitance of f-Co(OH), nanoplates was calculated
to be 1175.1, 1095.8, 1007.5 and 910.5 F gfl at scan rates of
2,5, 10 and 25 mV s}, respectively. These values demon-
strated an excellent supercapacitive performance of the pre-
pared nanoplates, which resulted from their nanoporous and
high surface area (as confirmed by TEM and BET analyses).
The electrochemical utilization of nanoplates was also calcu-
lated from the following equation [29]:

_CxAVxM
o F

z (4)
where C is the real specific capacitance (Fg~'), AV is the
potential window (0.7 V in this work), M is the average
molecular weight of Co(OH), (92.9 gmolfl) and F is the
Faradic constant (96,486 C mol ™~ 1). Using Eq. (4), the electro-
chemical utilization of nanoplates was calculated to be 0.79,
0.74, 0.68 and 0.61 for the scan rates of 2, 5, 10 and
25mV s~ ', respectively. These findings showed the excellent
contribution of the electro-active sites in the redox reactions,
thus giving the calculated high specific capacitances.

3.3.2. Charge—discharge tests

The galvanostatic discharge profiles of the p-Co(OH),
nanoplates were recorded at different current densities of 1,
2,5,7and 10 A g_1 which are shown in Fig. 6a. All profiles
present nonlinear curves, indicating that the capacitive beha-
vior of the prepared Co(OH), nanoplates is typically Faradaic
pseudocapacitance. This behavior originates from the redox
couples of Co**/Co** and Co®*/Co® ™, which is completely
in agreement with the CV curves (Fig. 5). Specific capaci-
tances of the electrode at the applied current densities were
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calculated via the following equation:

I x At

€= mx AV (F/e) ©)

where C is the specific capacitance, I is the applied constant
current (A), AV is the potential range (0.8 V), At is the time
of a discharge cycle (s) and m is the mass of p-Co(OH), (g).
The specific capacitance of the nanoplates was calculated using
Eq. (5) and the results are shown in Fig. 6b. The results
showed that the nanoplates are capable of delivering capaci-
tances as high as 1105.3, 1012.7 and 979.1 F g_1 at the
applied current densities of 1, 2 and 5 A g™ ', respectively
(Fig. 6b). These values are in agreement with the calculated
ones from the CVs (Fig. 5b) and also confirmed the excellent
supercapacitive behavior for the p-Co(OH), nanoplates.
Furthermore, the observed capacitances are comparable with
the reported ones for the nanostructured p-Co(OH), prepared
by different synthesis methods until now, for example, 591 F
g ' at 0.5A g™ for p-Co(OH), nanoplates prepared by the
sonochemical method [4], 690 Fg~" at 1 Ag~' for a p-Co
(OH), nanowall array prepared by pulsed laser deposition [7],
416.7F g~ "at5 A g~ for p-Co(OH), nanosheets prepared by
sol-gel [10], 1084 Fg~ ' at 4 A g~ for ordered mesoporous
cobalt hydroxide (Hj-e Co(OH),) films prepared by potentio-
static cathodic deposition [14], 1164 Fg~' at 1Ag~' for
porous nanosheets of B-Co(OH), prepared by galvanostatic
cathodic deposition [33], 947.3 Fg~ ' at 1 A g~ ! for leaf-like

nanosheets of B-Co(OH), prepared by galvanostatic cathodic
deposition [34], 728.5F g~ " at 1 A g~ for disc-like nanos-
tructures of f-Co(OH), prepared by low-temperature cathodic
electrodeposition [35], 726.1Fg~' at 0.5A g~ "' for p-Co
(OH), nanoparticles prepared by the solvothermal method
[41], and 1083 Fg~' at a current density of 0.83 Ag~' in
6 M KOH for B-Co(OH), nanosheets electrodeposited on
carbon nanotubes substrate [42].

As seen from Fig. 6b, the prepared nanoplates are capable of
exhibiting specific capacitances of ~1180 Fg~' and ~680 F
g ' at the applied current densities of 0.5 and 20 A g™,
respectively, indicating their high specific capacitive delivery
and high-rate discharge capability. These excellent super-
capacitive performances of the nanoplates are mainly origi-
nated from their high surface area and nanoporous surface
which cause high electrolyte penetration, high contact of
electrolyte/electrode and high electrochemical usage.

To investigate the long-term cycling stability of the B-Co
(OH), electrode, the galvanostatic charge—discharge cycling
(1000 cycles) was recorded in 1 M KOH electrolyte at a
constant current density of 2 A g~ with the first 20 cycles
presented in Fig. 6¢. The specific capacitance of each cycle
was calculated via Eq. (5) and, based on the obtained
capacitances, the capacity retention of the 3-Co(OH), electrode
on cycling was evaluated (Fig. 6d). The results showed that the
prepared nanoplates have high stable capacitances during
cycling where they exhibited excellent capacity retention of
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ca. 92% after 1000 continuous charge—discharge cycles. Thus,
it is concluded that f-Co(OH), nanoplates can be suitable for
long-time capacitor applications in KOH. Notably, morpholo-
gical observations by SEM (Fig. 3e) revealed that no sig-
nificant changes occurred in the morphology of p-Co(OH),
nanoplates after the charge—discharging process as compared
with their initial morphology (see Fig. 3a—c).

The coulombic efficiency () was also calculated from the
galvanostatic charge—discharge tests as follows [7,33]:

Q4 Atq

n 0. x 100 AL x 100 (6)
where Q4 and Q. are the electric charge for discharging and
charging, respectively. Az, and At4 are the times of charging
and discharging, respectively. According to Eq. (6), the
average coulombic efficiency was calculated to be about
99.5%, 94% and 90% for the 10th, 500th and 1000th
charge—discharge cycles at the applied current density of
2Ag ! (Fig. 6d).

The energy density (E) and power density (P) were
calculated by the following equations from the constant current
charge/discharge cycles [7,33]:

E= % C (AV)? (7

pP= ()
Here, r and AV represent the discharge time and the potential
range from the end of the charge to the end of the discharge,
respectively. It can be found that the porous nanoplates can
deliver energy and power densities of 0.972 Wh/g and
26.03 W/g, respectively. These results confirmed the excellent
supercapacitive performance of the prepared nanoplates, which
is related to their high surface area as well as porous and
layered structure.

~ |

4. Conclusion

Uniform nanoplates of f-Co(OH), were obtained by a two-
step process: cathodic deposition followed by heat-treatment.
The prepared nanoplates exhibited a specific capacitance of as
high as 1012.7 F g~ " and good capacity retention of ca. 92%
after 1000 continuous charge—discharge cycles at the applied
current density of 2A g~ ' These results confirmed the
potential application of the prepared nanoplates as an electro-

active material for supercapacitors.
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