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a b s t r a c t

A N-methylpyrrolidone (NMP) assisted electrochemical deposition route has been developed to real-
ize the synthesis of a dense �-Co(OH)2 layered structure, which is composed of nanosheets, each with
a thickness of 10 nm. The capacitive characteristics of the as-obtained �-Co(OH)2 are investigated by
means of cyclic voltammetry (CV), charge/discharge characterization, and electrochemical impedance
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spectroscopy (EIS), in 1 M KOH electrolyte. The results indicate that �-Co(OH)2 prepared in the presence
of 20 vol.% NMP has denser and thin layered structure which promotes an increased surface area and
a shortened ion diffusion path. The as-prepared �-Co(OH)2 shows better electrochemical performance
with specific capacitance of 651 F g−1 in a potential range of −0.1 to 0.45 V. These findings suggest that
the surfactant-assisted electrochemical deposition is a promising process for building densely packed

hanc
pecific capacitance
upercapacitor

material systems with en

. Introduction

Electrochemical capacitors, also known as supercapacitors, are
ttracting much attention for energy storage applications. They
re found to be attractive because of their higher specific power
nd longer cycle-life, and also lower energy loss compared with
atteries, compressed air and other storage devices. The benefi-
ial properties have made supercapacitors very popular in many
pplications, especially for mobile electronic devices and electric
ehicles [1–3].

Supercapacitors can be categorized into two main types based
n their charge-storage mechanisms. They are (i) electrochemi-
al double-layer capacitors (EDLCs), in which charges are stored in
he form of an electrical double-layer capacitance, and (ii) pseudo-
apacitors, in which Faradic reactions are involved. Electrochemical
ouble-layer capacitors generally have low capacitance, since their
harge storage is mainly limited by the available active surface area.
n view of this, researchers have focused on increasing the active

urface area and have been exploring charge-storage mechanisms
t the electrochemical interface. The study of charge storage and
on desolvation behaviour in subnanometer porosity has shown
hat the matching of active material pore size with electrolyte ion
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ed properties, for application in supercapacitors.
© 2010 Elsevier B.V. All rights reserved.

size can help in increasing the capacitance [2,4]. Nevertheless, the
capacitance obtained is still considered low at about 100–300 F g−1

in aqueous solution [2]. On the other hand, pseudo-capacitors, also
called redox-capacitors, have shown higher capacitances due to
the presence of Faradic reactions. RuO2·xH2O, for example, deliv-
ers a capacitance as high as 1300 F g−1 [1–3] and stimulated the
initial interest in this class of materials. It should be noted, how-
ever, that the high cost of this material has directed the research
interest to other inexpensive electrode materials with similar good
capacitance performance, such as conducting polymers, and other
transition metal oxides and nitrides.

Among the new materials, cobalt hydroxide materials have
emerged due to their layered structure with a large interlayer
spacing [5], which promises high surface area as well as a fast
ion insertion/desertion rate. Moreover, their high theoretical spe-
cific capacitances and the possibility of enhanced performance
through different preparative methods [1–3] have further made
them very competitive supercapacitor electrode materials. Never-
theless, there are not many reports of the effect of microstructure
modification on the capacitive behaviour of pure cobalt hydroxide
[6]. It is noted that, charges are stored in a pseudo-capacitor through
surface or near-surface faradic reactions. As a result, it is not sur-
prising that crystal structures, grain size and surface morphologies

of electrode materials will strongly affect their capacitance per-
formances [1–3]. To date, various strategies have been taken to
synthesize material with high conductivity, high specific surface
area and crystal structures or morphologies that favour electro-
chemical reactions [2,3,7–10]. A flexible nanoflake film of porous

dx.doi.org/10.1016/j.jpowsour.2010.06.042
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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in the presence of NMP contain several sub-layers, that is only few
nanometers thick. From its layer thickness and interlayer distance,
it is expected that the nanostructure induced by 20 vol.% NMP will
have a high specific surface area and a shorter diffusion path, which
T. Zhao et al. / Journal of Po

obalt hydroxide was deposited by galvanostatic electrodeposition
n a lightweight and inexpensive stainless-steel mesh and showed
high capacitance of 609 F g−1 [6]. Modifications on the microstruc-

ure of �-cobalt hydroxide have also been carried out and result
n an increment of capacitance [9,11], recently �-cobalt hydroxide
anoflakes are potentiostatically deposited and reports a highest
apacitance of 840 F g−1 with a potential window of 0.4 V only [8].
s a result, the present work aims to investigate the application
f N-methylpyrrolidone (NMP) surfactant-assisted synthesis to the
evelopment of various densely packed porous structures, which

ater can be applied to all hybrid material systems that are based
n cobalt hydroxide.

. Experimental

Analytical grade Co(NO3)2·6H2O, N-methylpyrrolidone (NMP)
nd 1 M KOH, as well as stainless-steel (size 1 cm × 1 cm × 0.9 mm),
ere purchased from Sigma–Aldrich, Singapore. The stainless-steel

SS) plates were polished with emery paper to a rough finish and
hen washed with ethanol and distilled water before being dried
n an oven. A three-electrode electrochemical cell was assembled
or electrochemical deposition experiments; it consisted of a plat-
num foil (2 cm × 2 cm), counter electrode, an Ag|AgCl (saturated
Cl solution) reference electrode, and an SS working electrode.
he electrolyte solutions for Co(OH)2 deposition were prepared by
dding various amounts of NMP, namely, 0, 10, 20 and 30 vol.%, to
.1 M Co(NO3)2. The potential of electrochemical deposition was
xed at −1.0 V vs. Ag|AgCl electrode, and the total charge passed
hrough on the cathode was controlled as around 1.0 C. The depo-
ition of �-cobalt hydroxide on the SS surface can be expressed by
he following reactions [12]:

O3
− + 7H2O + 8e− → NH4

+ + 10OH− (1)

o2+ + 2OH− → Co(OH)2 (2)

oth sides of the SS were coated with cobalt hydroxides. The result-
ng films were then carefully washed with distilled water and dried
n air at 60 ◦C for one day. The weights of the deposits were mea-
ured by means of a micro-balance (Mettler Toledo, MT5) with an
ccuracy of 0.01 mg. The weights of all deposited films were around
.74 mg.

The surface morphologies of all deposits were investigated via
eld emission scanning electron microscopy (FESEM, JOEL, JSM-
340F). X-ray diffraction spectra were obtained with an X-ray
iffractometer (XRD, RIGAKU, R1NT2100) that used Cu K� radiation
� = 1.5406 Å) operating at 40 kV and 30 mA. Data from a Fourier
ransform infrared spectrometer (FTIR) were collected by means
f a PerkinElmer Spectrum GX system. All electrochemical depo-
itions and characterizations of cobalt hydroxide were performed
ith an AUTOLAB® machine (Eco Chemie, PGSTAT 30). Capacitance

haracterization was conducted in 1 M KOH electrolyte solution.

. Results and discussion

The X-ray diffraction (XRD) pattern of the as-obtained Co(OH)2
anostructure is presented in Fig. 1. The characteristic peaks at
0.46◦, 22.58◦, 33.74◦, 38.14◦ and 59.08◦ are attributed to �-
o(OH)2. The peaks marked with an asterisk (*) are assigned to
he characteristic peaks of the SS substrate. The FTIR spectrum
f the as-obtained �-Co(OH)2 in the presence of 20 vol.% NMP is
iven in Fig. 2, which is noted to be similar to that of pure �-

o(OH)2. Characteristic peaks at 3488 and 1651 cm−1 correspond
o the O–H stretching vibrations of interlayer water and free water

olecules, respectively. The peak around 1347 cm−1 is the char-
cteristic absorption peak of intercalated nitrate. The absorption
eaks around 630 and 523 cm−1 are assigned to the ı(Co–O–H) and
Fig. 1. XRD pattern of as-obtained �-Co(OH)2.

�(Co–O) stretching vibrations [13,14]. It is noticed that, for cobalt
hydroxide (20 vol.% NMP), a distinct absorption peak at 1695 cm−1,
which is assigned to C O stretching in NMP is not observed. These
results indicate that the cobalt oxides possess high purity and are
in hydrous form with plenty of structure water and NO3

− ions
intercalated.

Field emission scanning electron microscopy images of �-
Co(OH)2 deposited under different NMP concentrations are shown
in Fig. 3a–f. A characteristic layered structure is observed for all
cobalt hydroxide films, in which channels and pores are formed by
randomly aligned �-Co(OH)2 nanosheets. A nanostructure with dif-
ferent interlayer distances is observed when different amounts of
NMP are added to the deposition electrolytes. The densest struc-
ture of cobalt hydroxide is obtained in the presence of 20 vol.%
NMP (Fig. 3c). The layer thickness of cobalt hydroxide synthe-
sized in presence of 20 vol.% NMP is about 10 nm (Fig. 3e), which is
slightly smaller than that of pure cobalt hydroxide (around 12 nm)
(Fig. 3f). Furthermore, some layers of cobalt hydroxide synthesized
Fig. 2. FTIR spectrum of �-cobalt hydroxide and �-Co(OH)2 prepared under 20 vol.%
NMP concentration.
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ig. 3. FESEM images of �-cobalt hydroxides: (a) Co(OH)2, (b) Co10 vol.% NMP hydro
f Co(OH)2, and (f) layer thickness of Co20 vol.% NMP hydroxides.

ence provides a structural foundation for a higher specific capac-
tance [15].

.1. Electrochemical characterizations

The electrochemical capacitor properties of all forms of as-
eposited Co(OH)2 are characterized by cyclic voltammetry (CV)
nd galvanic charge–discharge characterizations in 1 M KOH aque-
us solution. Fig. 4a shows the CV curves of all Co(OH)2 films at
scan rate of 5 mV s−1, in the potential range of −0.1 to 0.45 V.

his potential range is determined by the intrinsic properties of
he cobalt hydroxide. Experiments show that when the voltage is
igher than 0.45 V, oxygen evolution occurs, whereas when it is

ower than −0.1 V, no redox chemical reaction occurs. As shown
n Fig. 4a, a pair of reversible redox peaks are visible in the voltage
anges from −0.05 to 0.05, and 0.05 to 0.15 V. For cobalt hydroxides,

his surface faradic reaction can be expressed as [16]:

o(OH)2 + OH−1 ↔ CoOOH + H2O + e− (3)

The obvious reversible redox peaks and the non-rectangular
hape of CV curves indicate that the measured capacitances of
, (c) Co20 vol.% NMP hydroxides, (d) Co30 vol.% NMP hydroxides, (e) layer thickness

Co(OH)2 arise mainly from pseudo-capacitance. The redox current
is highest for Co(OH)2 synthesized in the presence of 20 vol.% NMP,
and this suggests that its specific capacitance is highest among all
the cobalt hydroxides examined in the present work. The discharge
curves of deposited Co(OH)2 electrodes in a 1 M KOH electrolyte at
2 A g−1 in the potential range between −0.1 and 0.45 V are pre-
sented in Fig. 4b. The shape of the discharge curve shows the
characteristic of pseudo-capacitance, which is directly related to
the redox peaks in the CV curves. Their specific capacitances can
be calculated from the discharge curve according to following rela-
tionship [5]:

Cm = C

m
= I × �t

�V × m
(4)

where Cm (F g−1) is the specific capacitance, I (A) is the discharge
current, t (s) is the discharging time, V is the discharge potential,

and m (g) is the mass of active material within the electrode. The
specific capacitances are 473, 571, 651 and 473 F g−1 for Co(OH)2
synthesized with 0, 10, 20 and 30 vol.% NMP in the electrolyte,
respectively. A marked enhancement of capacitance is observed
for Co(OH)2 prepared with 20 vol.% NMP in electrolyte. This is
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The cycling stability of cobalt hydroxide prepared in the pres-
ence of 20 vol.% NMP is presented in Fig. 6. Electrode was tested
at 50 mV s−1 for over 500 cycles in the potential range of −0.1 to
0.45 V. Capacitance is observed to decrease slowly with increas-
ig. 4. (a) CV curves of Co(OH)2 films at 5 mV s−1 and (b) discharge curves of Co(OH)2

lms at 2 A g−1.

ttributed to its denser and thinner nano-scale microstructure
ompared with other cobalt hydroxides. The denser and thinner
icrostructure provides more electrode|electrolyte interfaces and

horter diffusion path for ions, and therefore promotes the electro-
hemical reactions.

The electrochemical capacitance behaviour of Co(OH)2 (20 vol.%
MP) was further investigated and the results are shown in Fig. 5a,
here cyclic voltammograms of Co(OH)2 (20 vol.% NMP) are plot-

ed at different scan rates within the potential range of −0.1 to
.45 V. The specific capacitance values are calculated to be 604,
72, 527 and 454 F g−1 corresponding to a scan rate of 5, 10, 20 and
0 mV s−1, respectively. The data indicates that Co(OH)2 (20 vol.%
MP) has a good rate capability at high current density, a feature

hat is very important for practical supercapacitor applications.
To study further the CV characteristics of Co(OH)2 (20 vol.%

MP), the anodic peak current ip vs. V (voltage scan rate), and ip
s. V1/2, are plotted in Fig. 5b. In an absorption process, ip vs. V
s expected to give a linear relationship, irrespective of scan rate
13]. On the other hand, for semi-infinite diffusion-controlled cyclic
oltammetry in liquid electrolytes, ip vs. V1/2 is expected to give a
inear relationship [13]. It can be seen from Fig. 5 that, ip vs. V (black
ine) shows a non-linear relationship, whereas ip vs. V1/2 (red line)

hows a reasonably linear plot. Therefore, it is suggested that the
edox reaction of the present cobalt hydroxide is diffusion-limited,
.e., a finding that is in agreement with other reports [13].
Fig. 5. (a) Cyclic volammograms of Co(OH)2 (20 vol.% NMP) at scan rate of 5, 10, 20,
and 50 mV s−1, respectively and (b) ip vs. V1/2 and ip vs. V plots of Co(OH)2 (20 vol.%
NMP).
Fig. 6. Cycle-life data of cobalt hydroxide prepared in the presence of 20 vol.% NMP.
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Fig. 7. Nyquist plot of �-Co(OH)2 prepared at different NMP concentrations.

ng cycles and fading is more severe in the first 200 cycles. After
00 cycles, 76% of initial capacitance remains. The fading of capaci-
ance may originate from the slow oxidation of Co(OH)2 to CoOOH
wing to the CO3+ is more stable than Co2+ under alkali environ-
ent [17], and some particles exfoliated from thin film during long

ime cycling may be another reason.
The charge and ion transfer characteristics of all as-obtained

o(OH)2 films are further investigated by using electrochemical
mpedance spectroscopy (EIS) operating at 0.1 V. The well-known
yquist diagram, which represents the imaginary part vs. the real
art of impedance, is presented shown in Fig. 7. The plots are com-
osed of approximate semi-circles at high frequencies and a slope
long the imaginary axis (Z′′) at low frequencies. The semi-circle
s related to Faradaic reactions and its diameter represents the
nterfacial charge-transfer resistance (usually termed as Faradaic
esistance). The slope is related to the diffusion resistance of the
lectrolyte in the electrode pores and proton diffusion in the host
aterials. In Fig. 7, the diameters of the semi-circles of Co(OH)2

repared with NMP in the electrolyte are smaller than those for
aterial without NMP. The shapes of all four curves are similar,

ut the slope of the straight line at low frequency for Co(OH)2 pre-
ared with NMP is steeper than that for Co(OH)2 prepared without
MP. The results show that Co(OH)2 samples prepared with NMP

urfactant have lower reaction and diffusion resistances. The result
lso confirms that morphology has a significant effect on electro-
hemical capacitance.
.2. Effect of NMP in layered structure synthesis

It has been shown in Fig. 3 that the microstructure of Co(OH)2
hanges after certain amount of NMP is added to the deposition
olution. The reason may be attributed to the high polarity and dis-

[

[
[
[
[

urces 196 (2011) 860–864

persity of NMP surfactant in water that results in the formation
of a complex surfactant/electrolyte system which provides smaller
nucleation centres for Co(OH)2 deposition. During the deposition,
Co2+ first reacts with OH− to form short-lived Co(OH)2 dimers.
These dimers in a NMP–water system may form a large number
of microemulsions which later control the nucleation and growth
of the inorganic precipitates [16]. It is also noted that the size of
the microemulsion is controlled by the composition of solution
[18–20]. In the present study, by controlling the concentration of
NMP in the precursor solution, different sizes of nucleation cen-
tres are considered to be affected. As a result, the morphology of
Co(OH)2 is found to vary with the concentration of NMP in the
pre-deposition electrolyte.

4. Conclusions

In conclusion, a simple N-methylpyrrolidone (NMP) surfactant-
assisted electrochemical route has been developed to modify the
packing density of layered Co (OH)2. It is found that the surface
morphology of the cobalt hydroxide can be modified simply by
adjusting the amount of NMP concentration in the electrolyte solu-
tion. The resulting morphology shows much narrower interlayer
spacing after NMP addition, which can provide more active sites for
electrochemical reactions. A 37% increment in capacitance is noted
when 20 vol.% NMP surfactant is added to the electrolyte solution.
The result confirms that microstructure plays a very important role
in the property enhancement of the supercapacitor, and 20 vol.%
NMP addition produces the most densely packed layered Co(OH)2
in the present investigation.
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