
Dalton
Transactions

PAPER

Cite this: Dalton Trans., 2015, 44,
16119

Received 8th June 2015,
Accepted 5th August 2015

DOI: 10.1039/c5dt02161h

www.rsc.org/dalton

Nanostructured cobalt hydroxide thin films as high
performance pseudocapacitor electrodes by
graphene oxide wrapping†

Sangmi Bae,a Ji-Hyun Cha,a Jong Hyeon Leeb and Duk-Young Jung*a

We synthesized binder-free Co(OH)2 nanocrystals on nickel electrodes by the ammonia transfer method

in an aqueous solution and kinetically-controlled their thickness and height to enhance the capacitance

through the facile diffusion of electrolytes in the nanocrystals. As thinner Co(OH)2 films were developed,

the specific capacitance increased up to 1260 F g−1 at a current density of 10 A g−1. A thin layer of gra-

phene oxide (GO) was used to wrap the Co(OH)2 nanocrystals to create a pseudocapacitor with high

specific capacitance and good cyclic stability. This synthetic strategy enabled us to maximize the electro-

chemical cell performance, reaching a specific capacitance of 2710 F g−1 under 10 A g−1. The GO coating

provides an effective method to increase adhesion on the nickel electrodes and to reduce the decompo-

sition of Co(OH)2 during the charge–discharge process under high pH conditions. The prepared GO/Co

(OH)2 nanocomposite layers provided not only high electron mobility but also ionic conductivity,

especially when operated at a high current density.

Introduction

Recently, electrochemical supercapacitors (ES) have received
attention as a promising next-generation energy storage system
because they show higher power densities and larger cycle
stability than secondary batteries and show higher energy
storage than dielectric capacitors.1 However, the low energy
density and the high production cost of ES materials hinder
their practical application. Some representative oxide ES
materials that utilize faradaic reactions, such as RuO2, MnO2,
Co3O4, and Co(OH)2, have been studied in order to achieve
higher energy densities.2–4 These energy densities show 10 to
100 times larger capacitance values than electrical double-layer
supercapacitors (EDLSs), such as carbon and other materials,
based on their surface charge accumulation.5 Among these,
cobalt hydroxide (Co(OH)2) is inexpensive, can be easily pre-
pared, involves a layered crystal structure that allows fast guest
ion insertion/desertion reactions because of its large interlayer
space, and has the capability for ionic conductivity.5,6 In

addition, cobalt hydroxide has a high theoretical capacitance
of 3460 F g−1 due to the two-step reversible redox reactions of
Co(II) ↔ Co(III) ↔ Co(IV), which makes it a possible pseudo-
capacitor material.7,8 The main research issue facing Co(OH)2 is
how to improve its low cycle stability, small potential window,
and power density. Additionally, the development of an opti-
mized ES:EDLS hybrid system, through the syntheses of novel
composite materials, is appealing.9–12 For instance, although
the enlarged surface area of nanometer-sized Co(OH)2 par-
ticles grown on nickel metal substrates has resulted in an
increase in the specific capacitance under low current den-
sities (up to 1782 F g−1), the same sample showed a remark-
ably small specific capacitance under a high current density
(10 A g−1).3 Conversely, α-Co(OH)2 directly grown on graphite
substrates showed higher conductivity and a larger surface
area for the active materials, maintaining a high specific
capacitance (83% of the low current density value) under high
current density conditions (10 A g−1) and excellent stability up
to 5000 cycles.13

This study presents a methodology to maximize the electro-
chemical cell performance data (e.g., the specific capacitance,
cyclic stability, and specific capacitance) by considering the
chemical composition and the nanostructure of the active
materials. First, the ammonia transfer syntheses enabled us to
prepare Co(OH)2 nanostructure films that are directly de-
posited on a nickel electrode as a current collector without the
need for surfactants and/or binder materials, which can
decrease the energy density and capacitance.14–16 Secondly,
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the conformal thin layers of Co(OH)2 deposited on planar sub-
strates generally showed low electrode performance due to the
lower electrochemical contribution of the inner layer active
material.16 Conversely, three-dimensional porous electrodes
gave higher efficiencies with the same deposited mass due to
their higher surface areas.17 In the present study, we deposited
vertically-grown Co(OH)2 nanoplates directly on the form-type
nickel metal substrates, which significantly increased the
specific area of the three-dimensional nanostructures.3,7 The
specific surface area was increased most significantly when
Co(OH)2 nanoplates (as thin as 20 nm) were obtained by the
kinetic control method (without an etching process). The
increase in the specific area can reduce the ion diffusion path,
which results in an increase in the ionic and electronic con-
ductivities.3,16 Thirdly, we wrapped a thin layer of graphene
oxide (GO) around the Co(OH)2 nanoplates on the nickel elec-
trodes. This provided various benefits, including increasing
the adhesion on the nickel electrodes and reducing the dis-
solution/decomposition of Co(OH)2 during the charge–
discharge process under high pH conditions.18 The prepared
GO/Co(OH)2 nanocomposite layers provided not only high
electron mobility19 but also ionic conductivity,20 especially
when operated at a high current density. So far, graphite
and graphene have been used as surface modifiers on metal
electrodes to improve the conductivity.21

Results and discussion
Morphology of cobalt hydroxides and graphene oxide wrapped
cobalt hydroxides

Fig. 1 demonstrates the synthetic method used to produce GO/
Co(OH)2/nickel form hybrid electrodes. The monodispersed,
green-colored nanoplates of α-Co(OH)2 layered hydroxide salts
were deposited on the form-type nickel substrates by the
ammonia gas transfer method. The vertical lengths and thick-
nesses of α-Co(OH)2 nanoplates increased with the reaction
time: the vertical length was 3 μm after 12 h and 10 μm after
24 h (Fig. S1 and S2†).

The morphology and thickness of the deposited Co(OH)2
nanoplates were observed by SEM, as shown in Fig. 2. After a
reaction time of 20 min, the Co(OH)2 nanoplates (Fig. 2a) grew
horizontally with a nanoplate thickness of 14 nm and showed
partial coverage of the nickel substrates. Repeating two 20 min
depositions, denoted as Co(OH)2-40m (Fig. 2b), produced
20 nm-thick Co(OH)2 with full coverage. Deposition times of
6 h (denoted as Co(OH)2-6h) and 18 h (Fig. 2c and d) produced
vertically-grown Co(OH)2 nanoplates with 50 nm and 310 nm
thicknesses, respectively. Shorter reaction times produced
smaller thicknesses, shorter vertical lengths, and lower de-
posited masses.22 High surface area and strong adhesion of Co-
(OH)2 on the nickel substrates are important factors for
pseudocapacitor application. We compared the electrochemical
properties of the Co(OH)2-40m samples with the Co(OH)2-6h
samples.

Fig. 3 describes the detailed wrapping mechanism of
the GO nanosheets on the Co(OH)2-6h samples. The GO
nanosheets were fully adsorbed on the hexagonal nanoplates
of Co(OH)2 via the electrostatic attraction between the positive
Co(OH)2 and the negative GO surface zeta potentials. The
layer-by-layer coating was achieved by mixing two colloidal
solutions of Co(OH)2 and GO, which produced instant aggre-
gation, demonstrating their strong interaction (Fig. S3 and
S4†). The GO wrapping on Co(OH)2 can also be confirmed by
the color change from green to light brown (Fig. S5†). The
electron micrograph indicated that the Co(OH)2 nanoplates
under the GO layers remained perpendicularly-oriented to the
nickel substrate surface after the GO wrapping (Fig. 3b, f and
j). The irregular size distribution and dense vertical packing of
Co(OH)2 nanoplates were incorporated with the free-standing
GO nanosheets like a blanket on trees.

The effects of the GO coating on the electrochemical
charge–discharge experiments were surprising. 1000 charge–
discharge cycles for Co(OH)2 without the GO layers completely
destroyed the hexagonal shapes of the Co(OH)2 nanoplates,

Fig. 1 Schematic description of the synthesis process of GO-wrapped
Co(OH)2.

Fig. 2 SEM images of Co(OH)2 with reaction times of (a) 20 min, (b)
40 min (two 20 min reactions), (c) 6 h, and (d) 18 h.
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severely bending and distorting their edges (Fig. 3c, g
and k).

Conversely, the Co(OH)2 with GO layers held their hexa-
gonal shapes and demonstrated tighter contact between the
Co(OH)2 and GO after the same charge–discharge experiments
(Fig. 3d, h and l). Although Co(OH)2 samples with GO and
without GO both showed a dark brown color, the Co(OH)2
wrapped by GO presented pristine hexagonal shapes, indicat-
ing that both an improved structural stability and superior
electrochemical characteristics were provided by the presence
of the GO layers (vide infra). The coverage patterns of the GO
on Co(OH)2 depended upon the conformation of the Co(OH)2
nanoplates, as shown in Fig. 4. For example, Co(OH)2-40m
(grown in a short reaction time) demonstrated a small tilting
angle with the nickel surface and a curved conformal GO
coating along the Co(OH)2 surface. Alternatively, the GO layer
of Co(OH)2-6h, with the vertically preferred orientation,

formed a flat GO surface at the top edges of the Co(OH)2 nano-
plates rather than the face-to-face coating that was observed
in Co(OH)2-40m. We expect that, compared to Co(OH)2-6h,
Co(OH)2-40m has a larger direct contact area between the
Co(OH)2 and GO and a smaller void space, both of which can
influence the electrochemical properties.

Electrochemical properties of cobalt hydroxides

The electrochemical properties of Co(OH)2-6h and Co(OH)2-
40m were measured in a 2 M KOH solution using a three elec-
trode system. The cyclic voltammetry (CV) data were collected
between −0.2 and 0.5 V at a scan rate ranging from 5 to
100 mV s−1. The CV curve for Co(OH)2-6h (Fig. 5-1a) showed
two redox peaks: one from 0.030 to 0.113 V and another from
−0.035 to −0.107 V. These were assigned to the quasi-reversible
reaction from Co(OH)2 to CoOOH (eqn (1)).2,9,17,23,24 The cyclic
voltammetry analyses have been performed in the range of
−0.2 to 0.5 V as a full window of potentials in order to investi-
gate the significant irreversible oxidation peak near 0.4 V, as
shown in Fig. S6, S7 and S9.† However, we carried out the
charge–discharge cycles in the narrower potential range of
0.1–0.4 V, where the electrochemical reaction occurs in the
regime of quasi-reversible oxidation–reduction for all the
samples. Based on the position of the secondary oxidation
peak (O2) near 0.3 V in CV curves of Fig. 5(1a and 2a) and
Fig. 6(1a and 2a), we chose 0.4 V as a maximal positive poten-
tial in all galvanostatic discharge measurements.

CoðOHÞ2 þ OH� $ CoOOHþH2Oþ e� ð1Þ
As the scan rate increases, the anodic peak shifted to a posi-

tive potential, while the cathodic peaks moved in the negative
direction. This increased difference between the two redox
peaks is attributed to the electrode resistance and polarization
resulting from the slow faradaic process.25,26 The GO-wrapped
Co(OH)2-6h (denoted as GO-Co(OH)2-6h) showed oxidation
between −0.010 and 0.062 V and reduction between −0.047
and −0.102 V (Fig. 5-2a). The GO-Co(OH)2-6h presented a
similar CV curve shape to Co(OH)2-6h. However, a larger area
of the CV curve and a smaller potential difference between the
oxidation and reduction, as compared to the Co(OH)2-6h, were
observed due to the shift to smaller values of the oxidation
peaks. The effect of GO wrapping was also observed in GO-Co-
(OH)2-40m (Fig. S6†), indicating the prominent contribution of
GO to the increased electrochemical reaction kinetics.27 The
redox potentials after 1000 cycles were changed significantly
due to the oxidation reaction of Co(OH)2 in a basic solution
(Fig. S7†), as shown in eqn (2):23

Co3O4 þ 4OH� $ 3CoO2 þ 2H2Oþ 4e� ð2Þ
The discharge time of the galvanostatic measurement

increased in GO-wrapped films for all current density con-
ditions (Fig. 5b). The specific capacitances were estimated
according to the following equation (eqn (3)), in the potential
range of −0.1 to 0.4 V:

Cm ¼ c=m ¼ ðI � ΔtÞ=ðΔV �mÞ ð3Þ

Fig. 3 (a, e, i) SEM images and schematic illustrations of Co(OH)2-6h,
(b, f, j) GO-wrapped Co(OH)2-6h, (c, g, k) Co(OH)2-6h after 1000 cycles,
and (d, h, l) GO-wrapped Co(OH)2-6h after 1000 cycles.

Fig. 4 SEM images and schematic illustrations of (a) Co(OH)2-40m,
(b, c) GO-Co(OH)2-40m, (d) Co(OH)2-6h, and (e, f ) GO-Co(OH)2-6h.
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where Cm is the specific capacitance, I is the discharge current,
t is the charge time, V is the voltage, and m is the mass of
Co(OH)2.

The specific capacitances of Co(OH)2-6h decreased from
716 F g−1 (2 A g−1) to 520 F g−1 (20 A g−1), maintaining 81.0%
(10 A g−1) and 72.6% (20 A g−1) of the capacitance measured at
2 A g−1 (Fig. 5c). The specific capacitances of GO-Co(OH)2-6h
were 816 F g−1 (2 A g−1) and 640 F g−1 (20 A g−1), demonstrat-
ing the large improvement caused by GO wrapping (an
increase between 100 and 140 F g−1). We note that the stability
of the specific capacitance imparted by GO wrapping was
improved up to 88.2% and 78.4% of the capacitances under
high current density conditions. The specific capacitance as a
function of 1000 charge–discharge cycles was evaluated under

10 A g−1. The Co(OH)2-6h showed a loss of 8.5% of the initial
capacitance after 1000 cycles, but the loss of GO-Co(OH)2-6h
was only 1.4%. This indicates that the GO wrapping enhances
the stability of the current density as well as increasing cyclic
stability (Fig. 5d).

The improvement in capacitor performance caused by GO
wrapping was even more outstanding in the nanostructured,
large surface area sample (Co(OH)2-40m). The CV curves of
Co(OH)2-40m and GO-Co(OH)2-40m produced similar shapes.
When larger scan rates were applied, higher current densities
were obtained (Fig. 6a). The curves possess four peaks: the
oxidation-1 (0.018 to −0.061 V) and reduction-1 (−0.027 to
−0.062 V) correspond to the redox reaction of cobalt hydro-
xides (described in eqn (1)), and the oxidation-2 (0.258 to

Fig. 5 Electrochemical characterization of (1) Co(OH)2-6h and (2) GO-wrapped Co(OH)2-6h. (a) CV curves, (b) galvanostatic discharge curves, (c)
specific capacitance versus current density, and (d) plots of specific capacitance versus cycle number.

Fig. 6 Electrochemical characterization of (1) Co(OH)2-40m and (2) GO-wrapped Co(OH)2-40m. (a) CV curves, (b) galvanostatic discharge curves,
(c) specific capacitance versus current density, and (d) plots of specific capacitance versus cycle number under 10 A g−1.
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0.275 V) and reduction-2 (0.187 to 0.172 V) correspond to the
redox reaction of the nickel substrates (Fig. 6).26 The contri-
bution of nickel to the electrochemical measurements was
reduced to below 5% due to the repeated deposition of cobalt
hydroxide on the nickel substrates (Table S1†). The GO-Co-
(OH)2-40m showed oxidation-1 (−0.013 to 0.029 V) and
reduction-1 (−0.045 to −0.072 V) peaks. These represented the
smallest shifts in the redox peaks as a function of scan rate
among the four prepared samples, implying the best charge–
discharge reversibility.7 The oxidation-2 and reduction-2 peaks
became negligible in GO-Co(OH)2-40m; this was ascribed to
the increase in the coverage of the electrode surface that was
obtained by GO wrapping.

The specific capacitances of Co(OH)2-40m were 1418 F g−1

(2 A g−1) and 995 F g−1 (50 A g−1), which were two times larger
compared to Co(OH)2-6h. The enhancement of the capacitance
in nano-sized layers has been reported to be two times higher
in the nano arrays of Co(OH)2 fabricated by chemical etching
in a basic solution compared to the pristine films.3 The
current study presents a constructive way to produce nano-
plates of Co(OH)2 on nickel substrates without harsh etching
conditions, which can decompose the crystal structure and
particle morphology. The capacitance of GO-Co(OH)2-40m gave
the highest values among the four samples (1816 F g−1 at 2 A
g−1 and 1514 F g−1 at 50 A g−1), maintaining very high stability
under high current conditions, e.g., 94.7% (10 A g−1) and
83.4% (50 A g−1) of the capacitances, which are 13.2% larger
than those of Co(OH)2-40m. The synergetic effect of the large
open surface of Co(OH)2 nanoplates and the conformal cover-
age of the GO layer (as shown in the SEM data) contribute to
the excellent capacitance performance of GO-Co(OH)2-40m in
high current density.

The monotonous increase of the capacitance of Co(OH)2-
40m up to 1000 cycles partly results from the formation
of defects by dissolution and the increased surface area
through electrochemical reactions, which was supported by
the morphological changes from the flat to folded forms for
the as-prepared Co(OH)2-40m and the samples after the cyclic
voltammetry measurements as shown in Fig. S8.†

The specific capacitance after 1000 cycles of Co(OH)2-40m
(under 10 A g−1) changed from 1252 to 1800 F g−1; this change
is attributed to the activation processes of intercalation
and deintercalation of the electrochemical species.24,28–30

Variations in the specific capacitance of GO-Co(OH)2-40m un-
usually increased from 1720 to 2710 F g−1 after 400 cycles and
remained constant until 1000 cycles, which is in accordance
with the increase of the area under the CV curve (Fig. S9†).
The steep increase observed before 100 cycles was assigned to
the fast activation of the electrochemical reaction in the inter-
face layer close to electrolytes (where there is a short ion trans-
port distance), which originates from the dense wrapping of
the GO layers on the Co(OH)2 nanoplates with a large, direct
contact. The gradual increase seen in the later cycles corres-
ponds to the slower activation of the inner layers.29

The Nyquist plot from the electrochemical impedance
spectroscopy (EIS), measured at 0.3 V from 0.01 to 105 Hz,

provided detailed mechanisms about the high specific
capacity, large rate capability, and excellent stability of the
GO-wrapped samples (Fig. 7). In the low frequency region, the
slopes of GO-Co(OH)2-6h were more vertical than those of Co-
(OH)2-6h, both before and after 1000 cycles, which indicates
easier electrolytic diffusion and more ideal capacitive behavior
during the charge–discharge cycles.23,27 In the high frequency
region, the first intercept with the real axis reveals the equi-
valent series resistance of the electrode (Fig. S10†).27 This
result indicates that the GO treatment helps to reduce the elec-
tron transfer resistance of Co(OH)2, which is in accordance
with the fast electrode kinetics observed in the CV measure-
ments (where the oxidation potentials were shifted).27 The
large charge–discharge cycles gave larger intercepts, which
resulted from the oxidation of Co(III) to Co(IV), as shown in
eqn (2).

Analyses of nanostructures by TEM, XRD, and Raman
spectroscopy

High-resolution TEM and electron diffraction patterns were
used to analyze the crystal structure of Co(OH)2 after GO wrap-
ping (Fig. 8). The lattice image and SAED pattern of Co(OH)2-
6h showed the [001] zone axis direction and a clear lattice
fringe of 2.69 Å, corresponding to the (100) crystal plane of
α-Co(OH)2.

33 The TEM image of GO-Co(OH)2-6h showed a
mixture of different phases with good crystallinity. The ED
pattern was indexed to cubic Co3O4 rather than to Co(OH)2.
We outlined two possible explanations for the oxidation of Co-
(OH)2: either a chemical reaction with the oxygen-bearing func-
tional groups of GO or distortion by electron radiation during
the electron microscope measurements.31 We observed the
pattern change of the GO-wrapped Co(OH)2 samples during
the ED measurements, taking special interest in the fast
change that occurred in the thin Co(OH)2 nanosheets. It
should be noted that the Co(OH)2 phase first transforms into
the CoOOH structure and then into the Co3O4 cubic phase.32

The absence of any GO spots in the TEM data may be ascribed
to the decomposition of the GO layers caused by the presence
of accelerated electrons during the TEM measurements.

Fig. 7 Nyquist plots of Co(OH)2-6h and GO/Co(OH)2-6h at 0.3 V in the
low frequency region.
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The XRD patterns showed the evolution of the crystal struc-
tures in the wrapping and electrochemical reactions (Fig. 9-1).
The Co(OH)2 on the nickel form gave peaks that agreed with
those observed in bulk samples of the α-Co(OH)2 phase, which
has a rhombohedral symmetry (−h + k + l = 3n) of a = 3.138 Å
and c = 24.06 Å.22,33 As GO covered the Co(OH)2 nanoplates,
the intensity of the XRD peaks decreased (Fig. 9-1c), implying
that the adsorption of GO disturbed the surface of Co(OH)2.
The internal part of the sample possesses crystallinity,
showing the (003) and (012) peaks, which is in agreement with
the TEM data in Fig. 8. After 1000 cycles, the XRD pattern of
Fig. 9-1d could no longer be matched with α-Co(OH)2 but was
indexed as the γ-CoOOH phase.34,35 This structural transform-
ation was also confirmed by the CV curve after 1000 cycles
(Fig. S9†). The XRD peaks of GO-Co(OH)2-6h after 1000 cycles
disappeared, yielding an amorphous phase due to its lower
crystallinity relative to Co(OH)2-6h. Although the Co(OH)2-40m
sample had no apparent peaks in its XRD spectrum (due to
the thin layer deposition), HRTEM and SAED revealed crystalli-
nity even after GO wrapping (Fig. S11†).

The Co(OH)2-6h gave the Raman spectra of Co(OH)2 at
267.7 (Eg(T )), 447.0 (A1g(T )), and 521.8 cm−1 (Eg(R)).

22 Conver-
sely, GO-Co(OH)2-6h showed the modes of Co3O4 at 194.2 (F2g),

487.1 (Eg), 528.5 (F2g), and 697.1 cm−1 (A1g),
28,36,37 as well

as those of GO at 1357.7 cm−1 (D band) and 1605.8 cm−1

(G band).38 The oxidation of the Co(OH)2 surface to Co3O4,
caused by GO, is in good agreement with the XRD and SAED
analyses. The area mapping of the Raman spectra also con-
firmed the conformal coverage of GO on the Co(OH)2 surface
(Fig. S12†). The Raman spectra of both Co(OH)2-6h and
GO-Co(OH)2-6h after 1000 cycles showed broad peaks ascribed
to various oxidation states of cobalt. The GO peaks remained
after 1000 cycles, indicating good adhesion and chemical
stability of GO on the cobalt oxide phase.

Conclusions

We successfully synthesized binder-free, surfactant-free
GO-Co(OH)2 hybrid electrodes at room temperature under
mild conditions and fabricated a pseudocapacitor with high
specific capacitance and good cyclic stability. We suggested
two factors necessary for obtaining the highest capacitance:
an enlarged surface area of thinner nanoplates of Co(OH)2
and GO wrapping of Co(OH)2. As thinner nanoplates were
developed, the specific capacitance increased up to 1260 F g−1

at a current density of 10 A g−1 in the Co(OH)2-40m sample.
Additionally, the improvement in the specific capacitance
caused by GO wrapping was more significant in the Co(OH)2-
40m sample (2710 F g−1 under 10 A g−1) than in the Co(OH)2-
6h sample, implying that both the conformal coating of the
GO layer and a well-developed Co(OH)2 nanostructure are criti-
cal to achieve the highest specific capacitance value. The syner-
getic effects of the high surface area of Co(OH)2 (with a 10 nm-
thick nanoplate) and the dense wrapping of the GO layer are
under further investigation in an attempt to develop a new
GO-Co(OH)2 pseudocapacitor with a high specific capacitance,
a high current density, and a high cyclic stability.

Experimental
Synthesis of GO/Co(OH)2/Ni hybrid electrodes

All of the chemical reagents used in this study were purchased
from Sigma Aldrich Co. and used as-received without further
purification. Nickel foam was purchased from MarkeTech
International (≥95% porosity, thickness: 1.6 mm). A nickel
foam substrate with a size of 1 cm × 3 cm was cleaned sequen-
tially with acetone and isopropyl alcohol (IPA) with the assist-
ance of ultrasonication for 20 min. The substrate was then
dried in an oven at 70 °C. Its top side (1 cm × 1 cm) was pro-
tected with polytetrafluoroethylene tape. α-Co(OH)2 nanoplates
on the nickel foam were prepared by the ammonia gas
diffusion method. All synthesis processes were carried out at
room temperature under ambient conditions. A Petri dish and
a beaker were placed in a sealed container. The Petri dish was
full of an aqueous solution of 0.1 M CoCl2·6H2O and the
beaker was filled with 100 mL of a 0.7% ammonia solution.
The prepared nickel foam was hung horizontally on the

Fig. 8 HRTEM images of (a) Co(OH)2-6h (a) and (b) GO-wrapped
Co(OH)2-6h. Inset images are ED patterns.

Fig. 9 (1) XRD patterns of (a) Co(OH)2 powder, (b) Co(OH)2 on the Ni-
metal substrate (Co(OH)2-6h), (c) GO-Co(OH)2-6h, (d) Co(OH)2-6h after
1000 cycles, and (e) GO-Co(OH)2-6h after 1000 cycles (● = α-Co(OH)2
and ▼ = γ-CoOOH). (2) Raman spectra of (a) the Ni-metal substrate, (b)
GO on glass, (c) Co(OH)2-6h, (d) GO-Co(OH)2-6h, (e) Co(OH)2-6h after
1000 cycles, and (f ) GO-Co(OH)2-6h after 1000 cycles.
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surface of the CoCl2 solution and stirred at 150 rpm. Over
time, hexagonal α-Co(OH)2 grew perpendicularly from the
nickel substrate. After 20 min, α-Co(OH)2 nanosheets on the
nickel foam were obtained; these samples were washed with
ethanol for 10 min. The experimental formula analyzed by TG,
ICP, and EPMA for α-Co(OH)2 is given in Fig. S13 and S14.† In
order to obtain denser α-Co(OH)2 films, the deposition process
was repeated twice. α-Co(OH)2 on the nickel foam was put into
a graphene oxide (GO) solution and stirred weakly for 5 h.
GO was prepared by a modified Hummers method.39 Finally,
the GO-wrapped α-Co(OH)2 on the nickel foam was washed
with ethanol and dried at 70 °C.

Characterization

The morphologies and the sizes of the obtained products were
observed with a Schottky field emission scanning electron
microscope (SEM, JSM-7100F) operating at 15 kV. High-resolu-
tion transmission electron microscopy (HR-TEM) measure-
ments were carried out using a JEM 2100F. X-ray diffraction
(XRD) analyses were performed on a Rigaku Ultima IV diffracto-
meter with Cu Kα radiation (λ ≈ 1.54 Å). Raman spectra were
run on a WITec Alpha 300.

Electrochemical measurements

Cyclic voltammetry (CV) and galvanostatic charge–discharge
were performed using a PGSTAT302N (Autolab) and electro-
chemical impedance spectroscopy (EIS) was performed using a
potentiostat (VMP3, BioLogic Science Instruments). All electro-
chemical measurements were carried out in 2 M aqueous KOH
in a half-cell setup configuration at room temperature. 2 cm2

of the α-Co(OH)2 film was used as the working electrode, while
a platinum plate electrode and an SCE electrode were used as
the counter and reference electrodes, respectively. The mass of
the active materials was accurately determined using a micro-
balance with 10−6 g resolution (AnD ION Series Microbalance,
BM-22) by calculating the increase in the mass of the nickel
foam. EIS measurements were conducted in the frequency
range from 0.01 to 100 kHz with an ac perturbation of 0.3 V.
The electrochemical signal of the thin layer of GO coating
without a Co(OH)2 layer on the Ni electrode was confirmed to
be negligible.40
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