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Abstract Attachment of nickel nanoparticles on multi-
walled carbon nanotubes (MWCNTs) was conducted to
explore the influence of Ni loading on the electrochemical
capacitance of MWCNT electrodes. A chemical impregna-
tion leaded to homogeneously disperse Ni particles onto the
surface of MWCNTs, and the Ni particles were found to be
an average size of 30-50 nm. The capacitive behavior of
the MWCNT electrodes was investigated in 6 M KOH, by
using cyclic voltammetry (CV), charge—discharge cycling,
and ac electrochemical impedance spectroscopy. CV mea-
surements showed that the Faradaic current was found to
increase with the Ni coverage, indicating that the presence
of Ni would enhance the pseudocapacitance through the
redox process. Equivalent circuit analysis indicated that
both of electrical connection and charge transfer resistan-
ces accounted for the major proportion of the overall
resistance and were found to decrease with the amount of
nickel. A linearity relationship between the total capaci-
tance and the Ni population reflected that each Ni particle
exhibits an identical electrochemical activity in enhancing
the electrochemical capacitance. The overall electrochem-
ical capacitance (including double layer capacitance and
pseudocapacitance) of Ni-MWCNT electrode can reach a
maximum of 210 F/g over 500 cycles.
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Introduction

Because of their high energy storage capability, electro-
chemical capacitors (ECs), which still retain the higher
power density feature of conventional capacitors, have
received a great deal of attention for serving as peak-power
energy sources [1-7]. Typically, the energy storage of ECs
is either capacitive or pseudo-capacitive in nature [8—11].
The capacitive-type EC is based on charge separation at the
electrode material/solution interface, whereas the pseudo-
capacitive process consists of Faradaic redox reactions,
which occur within the active materials, such as carbon,
conducting polymer, metal oxides, and so on.

Porous carbon is the electrode material used most
frequently for ECs. Use of highly porous carbon electrodes
leads to reaching a large specific capacitance, mainly due to
the formation of double layer at electrode surface. Recently,
numerous researchers have paid attention on applying
multiwalled carbon nanotubes (MWCNTSs) as electrode
materials [8—17]. They have demonstrated that the
MWCNTs and composites composed of MWCNTs and
electroactive materials (e.g., conducting polymer and metal
oxide) are shown to exhibit the promising applicability to
ECs. However, the specific capacitance of MWCNTs is
relatively low because of their relatively low surface areas
[14]. Therefore, it is more desirable to employ the other
contribution from metal catalyst attached on MWCNTs
that would provide more sites for reversible redox
reactions, thus, giving rise to pseudocapacitance.
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It has been reported that nickel and its oxide have been
shown to possess an excellent electrochemical activity in
alkali electrolyte [2, 18-22]. However, the roles that the
attachment of nickel on MWCNTs plays in the enhancement
of capacitances have not yet been clearly elucidated. If the
active species are deposited over MWCNT electrodes, the at-
tachment of Ni may provide redox activity to enhance the
pseudocapacitance. In the present work, a surface modifica-
tion was employed to prepare well dispersion of Ni nano-
particles onto MWOCNTs. Electrochemical characteristics
of the resulting capacitors, equipped with as-synthesized
Ni-MWCNT composites, are examined by using cyclic
voltammetry (CV), charge/discharge cycling, and ac imped-
ance spectroscopy. Also, we proposed an equivalent circuit to
the electrochemical impedance behavior of the Ni-MWCNT
capacitors.

Experimental section

Preparation and characterization of electrode materi-
als MWCNTs used were prepared via catalytic decompo-
sition of ethylene over Ni catalysts. At first, the MWCNT
samples were mixed with 0.1 N nitric acid at 90 °C for a
period of 8 h. After that, the acid treated-MWCNT samples
were rinsed by D.I. water, until the pH value of the slurry
higher than 5. The acid-treated MWCNT samples were then
mixed with various concentrations of Ni ionic nitrate (0.1,
0.2, and 0.5 M), and then stirred under Ar atmosphere at
30 °C for 6 h. This wet-impregnation process enables Ni*"
ions to interact with MWCNT surface. After that, the ionic-
adsorbed MWCNTs were separated from the Ni-salt solution
by using a filtration apparatus. Finally, a thermal reduction
was performed at 350 °C under a 5 vol.% H, atmosphere,
thus, giving MWCNTs decorated with Ni nanoparticles.
The as-grown MWCNTs were characterized by trans-
mission electron microscope (TEM) (Hitachi H-7500) and
X-ray diffraction (XRD) with Cu-Ké radiation using an
automated X-ray diffractometer (Shimazu Labx XRD-6000).
Specific surface areas and pore volumes of the derived
MWCNTs were determined by gas adsorption. An automat-
ed adsorption apparatus (Micromeritics, ASAP 2000) was
employed for these porous measurements.

Electrode preparation and electrochemical characteriza-
tion Before the formation of electrodes for electrochemical
tests, Ni-MWCNTs were added into a solution of poly-
vinylidenefluoride (PVdF) in N-methyl pyrrolidinone (NMP),
and the mixture was mixed at ambient temperature to form
carbon slurries. Electrodes were prepared by pressing the
slurry on stainless steel foils with a doctor blade, followed by
evaporating the solvent, NMP, with a blower dryer. The
carbon layer, which consisted of 10 wt% PVdF as binder, was
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adjusted to have a thickness of 150 um. This recipe is suitable
for preparing the uniform MWCNT electrode with a coating
thickness of ca 90-100 um.

Electrochemical measurements were carried out at
ambient temperature using 6 M KOH as the electrolyte
solution. A Pt wire was used as the counter electrode and a
saturated calomel electrode (SCE) as the reference. The
working electrodes were constructed by coating the Ni-
MWCNTs onto stainless steel foil (as current collector).
Epoxy resin was employed to seal the electrode, allowing
an area ca 2x1 cm? to be exposed to the electrolyte
solution. This sealed method can ensure to prevent
unwanted reactions from the backing plate (current collec-
tor) in aqueous electrolyte. CV measurements of the
MWCNT electrodes were made in the potential range of
0.2 to 1.2 V vs SCE at a scan rate of 30 mV/s. Two
electrode cells were used to examine the charge/discharge
cycling of the Ni-coated MWCNTs at constant current
density. The cells were constructed with two facing carbon
electrodes, sandwiching a piece of filter paper as separator.
An ac impedance spectrum analyzer (CH Instrument, CHI
608) combined with computer software was employed to
measure and analyze the ac impedance behavior of the
electrodes. In this work, the potential amplitude of ac was
equal to 5 mV, and the frequency was from 100 kHz to
0.1 Hz at open circuit potential (OCP). All electrochemical
measurements were performed at ambient temperature.

Results and discussion

A bright-field TEM of nickel particles attached with a high
magnification is shown in Fig. 1. This observation reveals
that after the deposition of Ni, a number of nanoparticles
homogeneously attached on the external surface of
MWCNTs. The size of Ni particles varies from 30 to
50 nm. Most particles are quasi-spherical in shape and seem
to tightly disperse on the surface of MWCNTs. This proves
that our preparation method is able to make the attached
metal particles uniformly deposited onto MWCNTs. N,
adsorption/desorption measurements indicate that all CNT
samples are mainly mesoporous, and their specific surface
areas range from 105 to 125 m?/g, according to Brunauer—
Emmett-Teller (BET) equation. The influence of the phys-
ical structure of the pore of MWCNTSs on the performance
of capacitors seems to be minor, and thus can be eliminated
in this study.

XRD patterns for all Ni-MWCNT products are collected
and shown in Fig. 2. We find that similar patterns are
obtained for Ni-attached MWCNTs. The peak at ca 260=26°
corresponds to the graphitic structure of MWCNTs. The
XRD shows that Ni nanoparticles are face-center-cubic
crystalline, as indicated by the characteristic peaks in Fig. 2.
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Fig. 1 TEM images at different magnifications: a x20 k and b x100 k,
for Ni particles deposited on MWCNTs

As expected, all intensities for Ni crystalline are found to
increase with the Ni loading.

The voltammograms generally stabilized after the first
cycling, and all the CV plots in the present work are the
second-cycle data. Figure 3 shows the CVs for fresh and
MWCNT electrodes attached with different Ni molar load-
ings, i.e., Ni/(C + Ni)=5, 10, and 14 mol%. According to the
above calculations, the Ni-MWCNT composites were desig-
nated as Ni-CNTS5, Ni-CNT10, and Ni-CNT 14, respectively.
In comparison, the fresh MWCNT electrode exhibits a typical
mirror image type of voltammogram within a potential range
0f' 0.2 to 1.2 V vs SCE. Capacitance without Ni attachment on
MWCNTs shows a rectangular shape, indicating dominance
of double-layer mechanism. In an ideal formation of electric
double layer with bases serving as the electrolyte, the
equilibrium reaction at MWCNT electrode is due to a simple
physical adsorption, by electrostatic forces between the
carbon surface and the hydroxyl ions. Basically, the numbers

ofions involved in building the double layer match the charge
density developed on the MWCNT electrode.

Above the double-layer background current, obvious
redox peaks can be observed for all Ni-MWCNT electrodes.
At first, the oxidation of metallic nickel in aqueous solution
is thought to be [23]

Ni + H,0 « NiO + 2H"+2e” (1)

After that, this increase of the current due to the presence
of Ni metal can be ascribed to the contribution from the
redox reaction in alkali electrolyte

NiO + OH™ «> NiOOH + H,0 + ¢~ )

The redox reaction of NiO shown in Eq. 2 generally
shows a capacitive behavior in its cyclic voltammogram
[22], rather than redox peak currents that are generally used
for energy storage in batteries. It is believed that nickel
oxide in contact with an alkali solution tends to change to
nickel hydroxide at particle surface. The nickel hydroxide is
expected to form on the surface of nickel oxide, probably
within several angstroms [21]. Consequently, the proportion
of nickel hydroxide formation would be much more
prominent in the case of Ni-MWCNT electrode, thus,
resulting in the appearance of anodic and cathodic peaks
corresponding to the Ni(OH),/NiCOOH redox reaction
[18, 21, 22], i.e.,

Ni(OH),+OH~ <> NiOOH + H,0 + ¢~ (3)
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Fig. 2 X-ray diffraction pattern of fresh and Ni-coated MWCNTs
showing characteristics crystalline faces of Ni. The peak of C was
identified as graphite from the MWCNTSs
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Fig. 3 Cyclic voltammograms of the MWCNT electrodes in 6 M
KOH at a scan rate of 30 mV/s

Accordingly, the mechanism in arising the enhancement
of capacitance of Ni-MWCNT electrodes discloses two
key factors: (1) Ni nanoparticles act as reversible redox
sites; (2) MWCNTs not only play a support for deposition
of Ni particles but also an electric conductor for electron
transport. As it behaves as an excellent conducting property,
the MWCNT would show exceptional competence for the
above undertaking. As shown in Fig. 4, this peak current
density is found to increase with the Ni loading onto
MWCNTs. This linearity relationship reflects that the Ni
density increases proportionally with the charge transfer,
i.e., pseudocapacitance. This finding reveals that each Ni
particle has an identical electrochemical activity even at
high Ni loading.

In addition, it is noticed that the voltammogram at high
sweep rate of 30 mV/s, in which current quickly reaches a
truly horizontal value after reversal of the potential sweep,
is observed for fresh MWCNT electrode. However, these
CV plots for all Ni-MWCNT electrodes have a slight delay
in potential reversal. Basically, as for the porous carbon
electrodes, the presence of narrow pore probably retards the
motion of electrolytes and thus increases the ohmic
resistance of electrolytes along the axial direction of micro-
pores, which would combine with the existence of the dis-
tributed capacitance to cause the delay of current inversion
[24]. This phenomenon is presumably due to the ionic
diffusion resistance, contributed from the pore blockage by
Ni particles.

To illustrate the influence of Ni attachment on the per-
formance of constant-current charge and discharge, Fig. 5
shows the potential against time curves of all Ni-MWCNT
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capacitors charged and discharged at a constant current of
0.5 mA/cm®. In comparison, the Ni-CNT14 capacitor
appears the highest discharge capacitance. Based on the
results of charge/discharge cycling, the specific discharge
capacitance of a single electrode in the capacitors can be
calculated according to [25, 26]

21t

“=wae @

where [ is the discharge current, ¢ the discharge time, W the
carbon fabric mass on an clectrode, and AFE the potential
difference in discharge, excluding the portion of IR drop.
The factor of 2 comes from the fact that the total capacitance
measured from the test cells is the sum of two equivalent
single-electrode capacitors in series. The capacitances of
different electrodes obtained at the same discharge currents
have the following order: Ni-CNT14 (240 F/g)>Ni-CNT10
(185 F/g)>Ni-CNT5 (135 F/g)>pure MWCNT (88 F/g). As
expected, the specific capacitance was found to increase
with the loading of nickel, which is in agreement with the
results from cyclic voltammetric measurements. Comparing
with the capacitances of pure MWCNT and Ni-CNT14
capacitors, there is ca 173% capacitance increase achieved
through introduction of Ni nanoparticles (e.g., an increase
from 88 to 240 F/g at a current of 1 mA, or a current density
of 0.5 mA/cm?).

The stability of the prepared capacitors can be examined
by conducting repeated charge/discharge cycling. Two capaci-
tors equipped with pure MWCNT and CNT-Nil4 electrodes
were charged and discharged at 0.5 mA/cm? to confirm the
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Fig. 4 Variation of peak current at 0.9 V vs SCE with Ni loading for
different MWCNT electrodes
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Fig. 5 Comparison of charge—discharge curves of pure MWCNT and
Ni-MWCNT electrodes at 0.5 mA/cm? in 6 M KOH

stability. The coulombic efficiency (7)) of an electrochemical
capacitor can be calculated from the equation [27]

(%) =2 x 100 (5)
lc

where fp and 7c are the times required for discharge and
charge, respectively. The variation of coulombic efficiency
with cycle number keeps a high value of 99.5% for both of
capacitors. As shown in Fig. 6, the Ni-CNT14 capacitor has
stable capacitance (about 210 F/g) over 500 cycles. There is
only 12.5% capacitance loss during cycling in the capacitors,
equipped with Ni-MWCNT composites.

The technique of ac impedance spectroscopy was fur-
ther employed to analyze the electrochemical behavior of
Ni-MWCNT electrodes. The impedance spectra of different
MWCNT electrodes are shown as Nyquist plots in Fig. 7a.
The OCP was found to be ca 0.7 V vs SCE for all
electrodes. An intersecting occurs in the real axis in the
high frequency region, followed by a single quasi-semicir-
cle in low frequency region. This semicircle in the high-
frequency region can be attributed to (1) the presence of an
interface, between the MWCNTs and the current collector,
and (2) the presence of a RC loop involving a double-layer
capacitance in parallel with a resistance [1, 5]. Then, the
plot transforms to an almost vertical line with decreasing
frequency. The almost vertical lines (ca 70—75° all CNT
electrodes) at low frequencies correspond to the capacitive
response of the porous carbons [1, 4]. The non-vertical
slope of the impedance plot at low frequency of electro-
chemical capacitor may be ascribed to (1) different pore-

size-distribution carbons, and (2) low mobility of ions
inside the electrodes, or (3) the combination of both
[28 30].

To describe the influence of Ni loading on the elec-
trochemical behavior, an equivalent circuit for Ni-MWCNT
electrodes should involve the following circuit elements
[26]: the bulk solution resistance, Rg; the double layer
capacitance, Cgj; the Faradaic resistance, Rg, corresponding
to the reciprocal of the potential-dependent charge transfer
rate in reactions like Egs. 1-3; a pseudocapacitance, C,,
associated with the potential dependence of redox-site
concentration in Eqs. 1-3; and C, and R, due to the
impedance between the MWCNT and the backing plate for
the electrical connection. The combination of the circuit
elements is proposed and shown in Fig. 7b. Accordingly, the
overall impedance, Z, of the equivalent circuit is given by

PR R— :
P JjoRCy + 1 joCy +

Z=R e (6)

e
JORECy+1

The above equation can be divided into two limiting
cases: low- and high-frequency regions. The impedance
in low-frequency region suggests the pure capacitive be-
havior [5], where the overall capacitance, Cq and C,, of
Ni-MWCNT electrode can be estimated. At sufficiently
high frequencies, Eq. 6 would correspond to a locus
showing the solution, the electrical connection resistance,
and the charge transfer resistance, i.e., Rs, Ry, and Rp.

Eq. 6 together with the impedance data in Fig. 7a was
employed to estimate the values of the elements of the
equivalent circuit in Fig. 7b. Here, Z-view computer software

250
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Fig. 6 Variation of capacitance stability with cycle number for
MWCNT electrode charged and discharged at 0.5 mA/cm® in 6 M
KOH
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Fig. 7 a Nyquist impedance plots of MWCNT electrodes in 6 M
KOH with frequency ranging from 100 kHz to 1.43 Hz. b Equivalent
circuit for the impedance spectra of MWCNT electrodes

was applied here to resolve each components of the circuit
within a small error (<10 %). These calculated values are
summarized in Table 1. The bulk solution resistance was
found to be small and showed little variation with the
population of Ni particles. The electrical connection between
the MWCNTs and the current collector has been significant-
ly improved due to the introduction of nickel. This can be
attributed to a fact that metallic Ni possesses an excellent
electric conductivity. The overall capacitance, Cy + C,,
obtained from impedance analysis is an increasing function
of the Ni coverage, which is analogous to that observed from
CV measurement. Here the value of C,, can be negligibly
small compared to the overall capacitance. Again, this
capacitance enhancement can be ascribed to the existence
of metallic Ni onto MWCNTs. After the attachment of Ni,

Table 1 Components of the equivalent circuit fitted for the impedance
spectra of Ni-MWCNT electrodes

Electrode Ry () R, () C. (},LF/cmz) Rrp () Cq+C,
(F/g)
Ni-CNT5 1.39 7.07 254 13.1 139
Ni-CNT10  1.32 3.58 42.8 9.74 189
Ni-CNT14  1.37 2.63 55.1 5.99 237
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the Ni-MWCNT electrode gives the highest capacitance of
237 F/g. Data from Table 1, the overall capacitance was
plotted against the Ni loading in Fig. 8. This linear rela-
tionship reveals that each Ni particle over MWCNT surface
has the same redox activity. From the slope of the linearity
plot, the metallic Ni can contribute a specific capacitance as
high as 217 F/g, which is almost equal to the energy storage
capability of NiO in alkali electrolyte [18].

Here, we notice that both of resistances (i.e., Ry + Rf)
are found to decrease with the Ni proportion on MWCNTs,
as indicated in Table 1. The overall resistance determined is
the so-called equivalent series resistance, Res (=R + Ry, + Rp),
which is composed of bulk solution resistance, connection
resistance, and charge transfer resistance [31]. The Ry value
for each Ni-MWCNT electrode could account for a major
proportion of the overall resistance, whereas the R, plays the
minor role. It has been emphasized in the proceeding section
that the presence of MWCNTs may effectively reduce the
resistance of interfacial interface between the electroactive
materials and the back plate. This may result in the smaller
interfacial resistance. The decrease of charge transfer
resistance with Ni loading indicates that the redox rate
(Eqg. 1) would be enhanced due to the presence of Ni par-
ticle. Therefore, the higher metallic Ni surface coverage
onto MWCNT would impart not only a better electrical
conductivity but also a lower charge transfer resistance. As
expected, a decreasing relationship between the equivalent
series resistance (R.,) and the Ni loading can be observed, as
shown in Fig. 8. However, excessive Ni nanoparticles coated
on MWCNT surface may cause a continuous nickel layer,
possibly reducing the electrochemical redox kinetic. Accord-

240 25

210 — — 20
s _
s ]
o 180 — — 15—
+ ~
©
o i L

150 — — 10

120 T T T T T T 1T 717 5

2 4 6 8 10 12 14 16

Ni loading (mol %)
Fig. 8 Variation of overall specific capacitance (C;) and equivalent
serial resistance (R.s) with Ni loading onto MWCNTs, determined
from the equivalent circuit, as shown in Fig. 7b



J Solid State Electrochem (2008) 12:663—669

669

ingly, further work is needed to clarify an optimal particle
size and the Ni loading amount on the enhancement of
capacitance of Ni-MWCNT capacitors.

Conclusions

The present work demonstrated that the attachment of
metallic Ni effectively enhances the electrochemical capac-
itance of MWCNT electrodes in KOH solution. A chemical
impregnation leaded to homogeneously disperse Ni particle
onto the surface of MWCNTSs, which was oxidized by nitric
acid treatment. The Ni particles were found to be an
average size of 30-50 nm. CV measurements showed that
the presence of Ni particle significantly enhances the
electrochemical capacitance. The Faradaic current (i.e.,
peak current) linearly increased with the Ni loading,
indicating that the population of Ni coverage promotes the
electrochemical redox process. This indicates that attached
nickel can be served as a redox site in facilitating an excess
specific capacitance, i.e., pseudocapacitance.

Equivalent circuit analysis on the ac impedance results
showed that the total resistance of MWCNT electrodes was
mainly attributed to the charge transfer and the electrical
connection resistances. Both of the two resistances were
found to decrease upon the introduction of nickel. This
indicated that the Ni attachment would improve not only the
conductivity of MWCNT electrodes but also the charge
transfer of redox reaction. Through the introduction of Ni
nanoparticles, the overall specific capacitance of Ni-MWCNT
electrode was found to be a great value of ca 237 F/g. The
linearity relationship between the total capacitance and the Ni
loading reflected that each Ni particle has an identical
electrochemical activity in KOH electrolyte at different Ni
densities.
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