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Abstract

Cobalt silicate hydroxide (Co3[Si,Os],[OH],) was prepared by chemical method for use in electrochemical capacitors. X-ray diffraction (XRD)
and transmission electron microscopy (TEM) tests indicate that the material was pure hexagonal phase with uniform nanometer size distribution.
Cyclic voltammeter (CV) and galvanostatic charge/discharge measurements show that the cobalt silicate hydroxide-based electrode has stable
electrochemical capacitor properties between potential range of 0.1-0.55 V with a maximum specific capacitance of 237 F g~! in alkaline solution
and 95% of capacity efficiency was reached after 150 cycles. Electrochemical impedance spectra (EIS) investigation illustrates that the capacitance
of the test electrode was mainly consisted of pseudo-capacitance, which was caused by underpotential deposition of H;O" at the electrode surface.

© 2006 Published by Elsevier B.V.
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1. Introduction

Much work has been done for the last 10 years on super-
capacitors, as their electrochemical properties make these sys-
tems act as intermediate power and energy sources between
electrochemical batteries and dielectric capacitors [1-3]. More-
over, as a new kind of energy storage device, the supercapac-
itor has long cycle life, high efficiency, and is environmen-
tally friendly. Electrochemical capacitor combining the advan-
tages of dielectric capacitors, which can deliver high power
within a very short time, and rechargeable batteries, which can
store high amounts of energy, have found increasingly impor-
tant role in power source applications such as hybrid electric
vehicles short-term power sources for mobile electric devices,
etc. [4].

The electrochemical capacitors are generally classified into
two types: (i) pseudo-capacitance and (ii) double-layer. There
are many materials that are under close scrutiny for use as
electrode materials for supercapacitor applications such as high-
surface-area carbon materials [5—7], transition metal oxides
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[8-10], and electronically conducting polymers [11]. At the
carbon surface, the capacitance is mainly from electrostatic
double-layer charging. Carbon—carbon systems function on the
basis of the Gouy—Chapmann and Stern—Geary electrochemi-
cal double-layer theory [12]. The charge is stored through the
adsorption of the electrolyte ions on large-surface-area acti-
vated carbon (2300 m? g~ !). There is no charge-transfer reac-
tion occurring during the charge—discharge process. The spe-
cific capacitance SC value of the activated carbon was about
125F g~ ! [13]. At metal oxides, it arose from redox pseudo-
capacitance couple with double-layer capacitance. The hydrous
ruthenium oxide was reported as the most promising materi-
als with SC value of 863 Fg~! [14]. Even though noble-metal
oxides or hydrous oxide (i.e. ruthenium oxides) and carbon nan-
otubes yield remarkably high specific capacitance and/or power
densities, capacitors based on these materials are much more
costly than other technologies [15-18]. Conducting polymer
capacitors have been reported to display high power densi-
ties, but their specific capacitance is much lower than that of
carbon/carbon and metal oxide capacitors. Thus, it is extreme
important to develop alternative electrode material with a combi-
nation of cost and improved performances, which still remains
a challenge to electrochemical researchers for supercapacitor
practical applications.
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For many years, intense research has focused on new types
of silicates because of their great potentials in many areas,
such as selective catalysis, molecular sieves, and gas adsorp-
tion and separation [19-27]. However, there are not reports
about the electrochemical properties of this material. Herein we
demonstrate cobalt silicate hydroxide nanomaterial with obvi-
ous electrochemical capacitor characteristics and high specific
capacitance, which was confirmed by a series of electrochemi-
cal experiments. Electrochemical impedance spectroscopy is a
useful method to obtain information about the electrode pro-
cess. Impedance analysis has been utilized to understand the
resistance and specific capacitance of single-cell [28] and half-
cell electrodes [29] for electrochemical capacitor application.
However, discussion so far has been confined to the assessment
of the specific capacitance or change in the electrolyte resis-
tance. In this study, the capacitor frequency response of cobalt
silicate hydroxide as a function of the applied potential have
been evaluated and the origin of capacitance of this material was
also discussed in detail by means of analyzing electrochemical
impedance spectroscopy.

2. Experimental

2.1. Preparation of nano-cobalt silicate hydroxide
Co3[Si205]2[OH]>

Nano-cobaltsilicate hydroxide (Co3[SioOs]2[OH]») was pre-
pared by a hydrothermal process in a mixed water/ethanol
solvent system. Co(NO3) (0.5g) was dissolved in a mixture
of distilled water (5mL) and ethanol (20 mL), then Na;SiO3
(5 mL, 0.5 M) was added to form a precipitate, which was trans-
ferred into a Teflon-lined autoclave and hydrothermal treated
at 180-200°C for 2 days. The as-obtained precipitates were
filtered and washed with distilled water to remove ions possi-
bly remaining in the final products, dried at 70 °C in air and
then got black powder. The products’ crystal structure was char-
acterized by X-ray diffraction (XRD, Max, M18Xce, Japan)
with Cu Ka radiation (1 = 1.54178 A) operating at 50.0kV and
200.0 mA,employing well-ground samples at a scan rate of
0.02°S~! in the 26 range of 10-90°. Morphology of the as-
synthesized material was investigated by transmission electron
microscopy (TEM) (Hitachi-600, Japan) investigations.

Electrodes for electrochemical capacitors were prepared by
mixed the active materials with 25 wt.% acetylene black and
Swt.% PTFE (polytetrafluoroethylene) of the total electrode
mass. A small amount of water was then added to this composite
to make a more homogeneous mixture, which was pressed on
nickel grid (1.2 x 107 MPa). The loading of the electrode was
typically in the range of 24 mg cm™2. All electrochemical mea-
surements were carried out in a three electrode arrangement in
6 M KOH electrolyte. The prepared electrode was used as work-
ing electrode, a platinum foil of the same area as counter elec-
trode. All potential were referred to Hg/HgO reference electrode
coupled with a luggin capillary in the same electrolyte. Elec-
trochemical performance was evaluated by cyclic voltammetry
(CV) using CHI660 electrochemical workstation with a voltage
scan rate ranging from 2 to 20mV s~!. The charge/discharge

cycling properties of the electrode at constant current were eval-
uated with an Arbin battery tester BT2000 in the certain range
of potential. Electrochemical impedance spectroscopy measure-
ments of the prepared electrode were carried out with CHI660
electrochemical workstation in different applied potential con-
ditions with the frequency range of 10 to 1072 Hz taking 10
points per decade.

3. Results and discussion
3.1. Physical characteristics

The XRD pattern of cobalt silicate hydroxide (Cos
[SioOs5],[OH]>) was shown in Fig. 1. The XRD patterns were
successfully indexed based on the materials’ structure, which
exhibited the characteristic peaks of cobalt silicate hydroxide
(Co3[Si205]2[OH]»). All of the reflection patterns in Fig. 1
can been readily indexed to that of a pure hexagonal phase of
Co3[Si»05]2[OH], with lattice constants a=5.33 A, b=9.19 A
and ¢=9.25 A. The apparent broadening of peaks indicates the
small crystal sizes of the obtained particles.

It would be interesting to examine the morphology of the
material, which has been in the form of powders. From TEM
images in Fig. 2, it can be seen that the material tends to
form particle morphology. As estimated from TEM images, the
particle size of the cobalt silicate hydroxide is among several
nanometers range. Especially, the size distribution is substan-
tial uniform. Small and uniform particle size might exhibit high
surface area, which may be favorable for the supercapacitor
application.

3.2. Cycle voltammetry measurements

Fig. 3 shows CV curves from nano-cobalt silicate hydroxide
(Co3[SipO5]2[OH]y))-based electrode in 6 M KOH solution at
low and high voltage scan rates in the range of 0.1-0.65 V. The
shape of the CV curves reveal that the capacitive characteristic is
very distinguished from that of electric double-layer capacitance
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Fig. 1. XRD of nano-cobalt silicate hydroxide (Co3[SioO5]>,[OH]»).
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Fig. 2. TEM morphologies of nano-cobalt silicate hydroxide: (a) 25 x 1000; (b)
80 x 1000.

in which case it is normally close to an ideal rectangular shape,
indicating that the capacity mainly results from the pseudo
capacitive capacitance. After careful examining individual elec-
tric couples involved in the test system, we found that the poten-
tials of Co2*/Co (—0.277 V versus NHE) and K*/K (—2.925V
versus NHE) are far from the tested voltage range. And the poten-
tial of redox reaction of H3Ot+M +e < M/H,qs + H,O (0V
versus NHE) is the nearest value to the examined peak potential
(0.4 V). Thus, we speculate that the redox peaks shown in CV
experiments can be explained using the point of H3O* underpo-
tential deposition. Further evidence confirming this speculation

can be seen in the discussion of electrochemical impedance spec-
tra.

3.3. Charge—discharge cycling performance measurements

In order to get information about the ability of the nano-cobalt
silicate hydroxide as an electrode material in supercapacitor,
constant current charge/discharge measurement was carried out
in aqueous media with 6 M KOH as a supporting electrolyte.
Fig. 4 shows the constant current charge/discharge curve of the
nano-cobalt silicate hydroxide electrode in a three-electrode sys-
tem. The cut-off voltage of charging/discharging was 0.1-0.55 V
with 5.7 mA cm? constant current density at room temperature.
During the charging and discharging steps, the curve obviously
display two variation range, a perfect linear variation of the
time dependence of the potential (below about 0.4 V) indicate
pure double-layer capacitance behavior, which was caused by
the charge separation taking place between the electrode and
electrolyte interface [30], and a slop variation of the time depen-
dence of the potential (0.4-0.55 V) indicate a typical pseudo-
capacitance behavior, which resulted from the electrochemical
adsorption/adsorption or redox reaction at an interface between
electrode and electrolyte. So, the special capacitance of the
electrode is the summation of electric double-layer and pseudo-
capacitance, and reached 237 Fg~!. The specific capacitance
was obtained from C = It/AVw, where I and f, respectively,
indicate the constant current that is applied and the time of
charge/discharge, w represents the mass of electro active mate-
rial.

The coulomb efficiency (1) of the electrode during
charge/discharge is also shown in Fig. 5, which is calculated
according to = (tp/tc) x 100, fp and tc are the expressions of
discharge and charge times. The result reveals that the nano-
cobalt silicate hydroxide electrode has a very stable coulomb
efficiency about 95% over 150 cycles, which means good cycle
properties for nano-cobalt silicate hydroxide as a type of super-
capacitor material.

3.4. Electrochemical impedance spectroscopy analysis

The impedance of an electrochemical system is measured by
applying a low-amplitude alternative voltage AV to a steady-
state potential Vg, with AE(w)=AEnax e where w is the
pulsation and A Vi is the signal amplitude. The resulted output
current Al is a sinusoidal signal, with AI(w) = Alpax @),
where ¢ is the phase angle of the current versus the voltage
and Alpyax the signal amplitude. The electrochemical impedance
Z(w) is defined as Z(w)= AE/IAI=|Z(w)| e =Z +iZ", where
7 and Z' are the real part and the imaginary part of
the impedance, respectively, |Z(w)| is module defined as
72+7" =|Z(w)|* [31].

Electrochemical impedance spectra (EIS) for nano-cobalt sil-
icate hydroxide electrode were carried out at various potentials
of interest over the capacitor operating potential range. As can
be seen in Fig. 6, the Nyquist plots at 0.13, 0.24, 0.26,0.4,0.6 V
display obviously different electrochemical characteristics, sug-
gesting different processes occurring on the electrode. With the
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Fig. 3. Cyclic voltammograms of nano-cobalt silicate hydroxide in 6 M KOH solution at scan rate: (a) 2mV s~ !; (b) 5mVs~'; (c) 10mVs~!; (d) 20mVs~!.

potential tested increasing, not only the imaginary part of the
impedance sharply decreases except that of at 0.6 V and the plot
tends to a vertical line, but also two obvious half circles are grad-
ually appeared. The first circle is related to the capacitance of
electric double-layer between electrode and electrolyte, which
can be analogous to carbon-based electrode systems [32,33].
The second circle is the capacitance relative to faradic reaction.
The complex-plane impedance plots (Fig. 6(b)—(d)) exhibitaline
with a slope close to 90° along the imaginary axis (Z”), char-
acteristic of an ideally polarizable electrode. A slight deviation
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Fig. 4. Galvanostatical charge/discharge curve of nano-cobalt silicate hydroxide
electrode in 6 M KOH solution at 5.7 mA cm? constant current.

from the straight line along the imaginary axis (Z”) is apparent
when potential is 0.13 V (versus Hg/HgO), suggestive of a non-
ideally polarizable electrode. While at potential of 0.6V, only
two circles displayed and line characteristic disappeared, which
is characteristic of desorption of adatoms H,gs [34]. This change
of impedance spectroscopy with the potential illustrate that the
pseudo-capacitance involved in the process arises from under-
potential deposition (UPD) of H3O". And the proper potential
range, in which electrode can generate desirable capacitance, is
among 0.1 and 0.6 V. These results are good agreement with that
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Fig. 5. Variation of capacitance and coulombic efficiency with cycle number
for the nano-cobalt silicate hydroxide electrode in 6 M KOH solution with
5.7mA cm? charge/discharge current: (a) capacitance; (b) coulombic efficiency.
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Fig. 6. Nyquist plots for the nano-cobalt silicate hydroxide electrode in 6 M KOH solution at different potentials: (a) 0.13 V; (b) 0.24V; (c) 0.26 V; (d) 0.4 V; (e)

0.6V.

of CV measurements. At high frequencies, impedance behave
like a resistance R for all potentials tested. At low frequency, the
imaginary part of the impedance sharply increases and the plot
tends to a vertical line, characteristic of capacitive behavior only
except that of at 0.6 V. In the middle frequency range the plot is
quite linear. The crossing of this line with the low-frequency ver-
tical line defines the “knee frequency” below this frequency; the
whole capacitance is reached, for higher values, the capacitance
strongly dependents on the frequency [35].

The frequency dependence of the magnitude |Z|, the phase
angle @, (Bode plots) at different applied potentials is shown in
Fig. 7. The Bode plots can also be separated into the high fre-
quency, medium frequency, and low-frequency regions. At the
high-frequency regions, |Z| is weakly dependent on frequency,
and the phase angle is near zero. The knee frequency in the
admittance complex-plane plots (shown in Fig. 6) is between
0.544 and 3.2 Hz, which characterize the lower limit of high fre-
quency region. The region where the log f — log | Z| plot displays
a slope close to —1 (corresponding to line part in Nyquist plot),
and 90° < @ <45° in the logf— log @ plot, can be regarded as
the low-frequency region. The characteristic of near —1 slope
(Fig. 7(b)—(d)) indicates that this region is typical of capacitive
behavior. The frequency where @ =—45° (fp =—45°) can be

recognized as the frequency response to the ideally capacitive
behavior (capacitor response frequency). The fp =45° values
ranged from 0.03 to 0.08 Hz, giving the response time of the
capacitor as 30-10s. Except the case of Fig. 7(e), the maximum
specific capacitance was calculated from the low-frequency data
using the equation Z” = (277fC)~! where Z” is the imaginary part
of the impedance, fthe frequency, and C is the capacitance. The
specific capacitance at different potentials calculated from the
7" value at the lowest frequency (f) 0.01 Hz is 30, 120, 120,
and 270 F g~ !, respectively, for the electrode at different applied
potentials.

Based on the above discussion, combining the shape of the
impedance spectroscopy and characteristic of capacitor, Equiv-
alent circuits in Fig. 8 can be employed to further analyze the
electrode process occurred during the operation.

Supercapacitor oscillates between two states: resistance at
high frequencies and capacitance at low frequencies. Between
these two states it behaves like a resistance—capacitance (RC)
transmission line circuit [36-38]. The equivalent circuit for
the test system involves the following circuit elements: the
double-layer capacitance Cqj, a Faradaic resistance Rp, corre-
sponding to the reciprocal of the potential-dependent charge-
transfer rate in the above processes, and a pseudo-capacitance,
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Fig. 7. Bode plots for the nano-cobalt Silicate hydroxide electrode in 6 M KOH solution at different potentials: (a) 0.13 V; (b) 0.24 V; () 0.26 V; (d) 0.4 V; (e) 0.6 V.



728 G.-Q. Zhang et al. / Journal of Power Sources 161 (2006) 723-729

R [

A)

P = .

I

®) | Re |

Fig. 8. Equivalent circuits for modeling the impedance of nano-cobalt silicate hydroxide electrode.

Cg. Cp=q1(d9/dV) in the general case where g is the charge
required for formation or desorption of the species in aredox pro-
cess [39]. Solution resistance, Rs, is usually combined in series
with the Faradaic impedance involving R and Cr (Fig. 8(A)).
This case corresponds to the experimental results at 0.13, 0.24,
0.26, and 0.4 V (Fig. 6(a)—(d)).

The interfacial part, Z, of the overall impedance can been
given by

1 1 1

== + - (LD
Z 1/joCq = Rp + (1/jwCr)

r JoCp

— = jwC, - 1.2
7 =J® dl+ijFCF+1 (1.2)

For Eq. (1.2), two limiting cases arise: (i) At very low frequencies
(w — 0), and/or low R,
[

7= Jo(Ca + Cp) (1.3)
i.e. Cq and Cf are effectively added as in a simple parallel
arrangement and the measured C= Cq; + Cr, which is a good

agreement with the result analysis of constant charge/discharge.
(ii) At sufficiently high frequencies (joRrCr > 1)

Rg
Z=—— (1.4)
(1 + joRpCa)
R jwR%C,
- 2F 202 - y 2dl 2 (1.5)
1 — w=RsCy 1 — w*RECY
The further limiting case for (ii) when joCgq >> 1/RF is
Z = ! (1.6)
 joCa '

i.e. the impedance is determined by Cy at sufficiently high fre-
quencies, combined with Rg.

In the case when the potential is beyond the UPD range,
another Faradic potential-dependent Ry arises in parallel with
Cr, corresponding to the equivalent circuit (Fig. 8(B)). This sit-
uation corresponds to Fig. 6(e), suggestive of overcharge of the
pseudo-capacitance where a continuous Faradaic reaction takes
place in the overpotential region for the process. The Faradaic,
Rp, in the above circuit corresponds to the reciprocal of the
potential-dependent rate, which enables the intermediates that
give rise to Cr to become desorbed (i.e. H,qs desorption). There
can then be two semicircles and three intercepts on the Z'-axis
(Nyquist plot), which can be seen in the case of the electrode
at 0.6 V. This analysis also suggested that the redox process
involved in the test system is underpotential deposition (UPD)

of H3O%, which further confirms the correctness of above spec-
ulation in the CV experiments.

4. Conclusion

Nano-cobalt silicate hydroxide (Co3z[Si»Os5]2[OH];) has
been prepared and employed to supercapacitor in this study.
XRD and TEM studies confirmed the pure hexagonal phase of
the sample with uniform nanometer particle size distribution.
Cyclic voltammeter (CV) and galvanostatic charge/discharge
studies were also performed, and the results reveal that the cobalt
silicate hydroxide-based electrode has stable electrochemical
capacitor properties between potential range of 0.1-0.55 V with
a maximum specific capacitance of 237 F g~! in alkaline solu-
tion. After150 charge/discharge cycles, the synthesized material
shows high efficiency and stability. Detailed electrochemical
impedance spectra (EIS) investigation illustrates that the pseudo-
capacitance of the test electrode was caused by underpotential
deposition of H3O* at the electrode surface. As-prepared cobalt
silicate hydroxide with good electrochemical capacitor proper-
ties displayed in this study may be a promising electrode material
for supercapacitor.
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