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Abstract

A modified Watts bath coupled with pulsed current electroplating is used to uniformly
deposit ultrafine nickel oxide particles (diameter < 4 nm) on multiwalled carbon
nanotubes. The capacitance of the multiwalled carbon nanotubes/nickel oxide electrodes
was as high as 2480 F g™t (per mass of nickel oxide), which is close to the theoretical

capacitance of NiO.
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1. Introduction

Nickel species such as nickel oxide (NiO) and nickel hydroxide (Ni(OH)2)

particles, which show redox reaction and consequent pseudocapacitive behaviour in an

electrolyte, are frequently deposited on multiwalled carbon nanotubes (MWCNTS) to

obtain a bigger surface area and a uniform dispersion [1-16]. The nanocomposite

electrodes of MWCNTSs/Ni species (including Ni, NiO and Ni(OH)2) have been

effectively fabricated by electroless plating [14-20] electroplating [1,3-5,8,13,21],

impregnation [22,23] and other processes [2,9,11].

Pulsed current electroplating, in which the applied potential is oscillated at high

frequencies, is another strategy used to fabricate nanostructured Ni [24-26]. Previous

studies on pulsed current electroplating of Ni use a Watts bath, which is a conventional

electroplating solution for Ni coating. In the present study, we use a modified Watts bath

that has a lower concentration of Ni%* than that of a conventional one to reduce the size

of the Ni particles deposited on the MWCNTs. The modified bath coupled with pulsed

current electroplating can be used to synthesize extraordinarily small (less than 4 nm) Ni

oxide species.



2. Experimental

Commercially available MWCNTs (FloTube 9000, prepared by a catalytic
vapour deposition process) were provided by CNano Technology Ltd (Santa Clara, CA,
USA). The raw CNTs were first treated in a concentrated mixture of 15.6 mol L™ nitric
acid and 18.3 mol L sulphuric acid (with a volumetric ratio of 1:3) at 333 K for 8 h. The
treated CNTs were then washed several times by ultrasonication in distilled water to
remove excess acid and then dried in air.

Following the acid treatment, electrophoretic deposition (EPD) was performed
to fabricate the CNT film. The negative and positive electrodes were Pt and SUS316L
(The Nilaco Corp., Tokyo, Japan) foils with exposed areas of 20-25 mm? and a thickness
of 20 um. The distance between the electrodes was 20 mm. The acid-treated CNTs were
suspended at a concentration of 0.5 g L™* in distilled water for EPD. A voltage of 30 V
was applied between the electrodes at room temperature for 30 s. After EPD, the CNT
thin film was dried in air and heated at 673 K for 1 h to oxidize and insulate the SUS316L
substrate. This oxidation step facilitated the preferential electrodeposition of Ni on the
CNTs rather than on the untreated SUS316L substrate. No loss of CNT due to possible
burning in air was observed, which coincides with the high temperature stability of

MWCNTSs in air [27].



After EPD and oxidation of SUS316L, pulsed current electroplating of Ni was
performed on the CNTs to fabricate the CNT/Ni nanocomposite thin film. The pulsed
current was a set of +3 Acm ™2 for 20 ps and —3 A cm 2 for 10 ps. This pulsed current was
applied for 0.35 s. The electrolyte was composed of NiSO4-6H20 (24 g L), Na2SO4 (117
g L ™), NiCl2 (45 g L™), HsBO3 (35 g L) and C7HsNOsS (saccharin, 2.4 g L™). This
electrolyte has a lower Ni?* concentration than conventional Ni electrolyte (Watts bath).
The CNT thin film was used as the cathode and a Ni plate (The Nilaco Corp., Tokyo,
Japan) was used as the anode. The temperature was maintained at 323 K during the pulsed
electrodeposition.

Following the pulsed current electroplating, the MWCNTS/Ni nanocomposite
thin film was washed in distilled water several times and dried in air. This operation
involving electrodeposition, washing with water and drying in air was repeated three
times on the identical sample. The sample was then annealed in air at 523 K for 1 h to
oxidize the electrodeposited Ni and also to dehydrate Ni hydroxides, finally to obtain the
MWCNTs/NiO nanocomposite thin film.

Cyclic voltammetry (CV) and chronopotentiometry (CP) were carried out using
a potentiostat (HZ-5000; Hokuto Denko Corp., Tokyo, Japan) and charge-discharge tester

(ECAD-1000; EC Frontier Corp., Kyoto, Japan), respectively. A typical three-electrode



electrochemical cell with a Pt black counter electrode, a saturated calomel electrode
(SCE) reference electrode and the CNT/Ni-species nanocomposite electrode was used as
the working electrode. The electrolyte was an aqueous KOH solution (6 mol L™). CV
was performed at 1, 10, 30 and 100 mV s in a potential window from 0.05 to 0.35 V (vs.
SCE). CP was performed at 0.5 Agtand 7.5 A g in a potential window from 0 to 0.30
V (vs. SCE). Before the capacitance measurements, the mass of the MWCNT/NIO
nanocomposite electrode was measured using an electronic balance (AUW-220D;
Shimadzu Corp., Japan). After the capacitance measurements, the composite layer
(exposed to the electrolyte) was manually detached from the SUS316 substrate and the
mass of the electrode without the composite was measured. The difference between the
mass values of the sample before and after detaching was adopted as the real mass of the
deposited nanocomposites.

The samples were observed using a scanning electron microscope (SEM, SU-
6600; Hitachi High-Technologies Corporation, Tokyo, Japan) equipped with an energy-
dispersive X-ray spectrometer and aberration-corrected, high-resolution transmission
electron microscope (JEM-2200FS; JEOL, Tokyo, Japan) equipped with an electron-
energy loss spectrometer with energy resolution of 0.8 eV. Energy-dispersive X-ray

spectroscopy (EDXS) in the SEM observations was used to acquire the elemental



composition of the nanocomposite sample.

3. Results and discussion

As a result, NiO particles less than 4 nm were deposited on the surface of the

MWCNTs (Fig. 1a), unlike the MWCNT before EPD and annealing (Fig. S1 in

Supplementary Material). The high-resolution transmission electron microscopy (HR-

TEM) images revealed that the lattice fringe of the graphitic multiwall was parallel to the

longitudinal direction of the CNTs. The deposited particles had a lattice spacing that was

clearly different from that of the graphitic layer spacing (Fig. 1b) and a lattice fringe that

was not parallel to the graphitic lattice fringe of the CNTs (Fig. 1c). The fast Fourier

transformation of the lattice images of particles revealed that the lattice spacings of the

particles coincide with those of NiO (111) and (200). Electron energy loss spectroscopy

also revealed the presence of Ni, O and C. The average particle size of NiO particles was

calculated to be 3.6 nm according to HR-TEM images (see Fig. S2 in Supplementary

Material), although accurate determination of size was difficult due to overlap of particles

and lattice fringe of CNTs. EDXS in the SEM observation revealed that the content of

NiO in the nanocomposite was 38 = 2 mass%.

Our previous study has shown that pulsed current electroplating and subsequent



annealing are efficient for the deposition of Ni oxide species particles on MWCNTS;
however, the minimum size of the deposited particle was 7 nm [26]. Our present results
show that a simple modification of the Watts bath leads to deposition of much finer
particles because of the lower Ni?* concentration.

To elucidate the pseudocapacitive behaviour of the MWCNT/NIO
nanocomposite electrode, cyclic voltammetry (CV) and chronopotentiometry (CP) were
performed with a typical three-electrode electrochemical cell with saturated calomel
electrode as a reference electrode, Pt wire as a counter electrode and the nanocomposite
electrode as a working electrode. The electrolyte was 6 mol L™t KOH aqueous solution.
CV curves at different scan rates of 1-100 mV s™* are shown in Fig. 2a. The magnitude
of the current increased with the scan rate. A pair of redox peaks with a midpoint potential
of 0.17 V (vs. saturated calomel electrode) were detected, which is attributed to the redox
reaction of NiO/NiOOH, similar to previous studies [26].

The specific capacitance (C) per mass of MWCNT/NiO nanocomposite thin film

was determined from the CV curves using the following equation [7,12]:

43
j I av,

Vi

C = vy

where m is the mass of the MWCNTSs/NiIO composite, AV is the potential window, V;

and V; are the initial and final potentials in one cycle, respectively, I is the
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Fig. 1 (a) High-resolution transmission electron microscopy (HR-TEM) image of
MWCNTs/NiO nanocomposites fabricated by pulsed current electroplating in a modified
Watts bath. (b and c¢) Enlarged images of (a), showing the lattice fringes of the deposited
particles (arrows) whose crystal lattices are different from those of the graphitic lattice of
the CNT. (d) Electron energy loss spectroscopy profile of MWCNTSs/NiO nanocomposites
fabricated by pulsed current electroplating in a modified Watts bath. Nickel, oxygen and
carbon were detected.



instantaneous current at a given potential and v is the scan rate. The calculated specific
capacitances per mass of MWCNTs/Ni-species nanocomposite electrode at the scan rates
of 1, 10, 30 and 100 mV s* are 1505, 1208, 807 and 570 F g%, respectively. The
capacitances per mass of NiO, which can be calculated from the results of the energy-
dispersive X-ray spectroscopy of the sample, were 2253, 1808, 1203 and 853 F gnio™?,
respectively.

Fig. 2b shows the galvanostatic discharge curves at different discharge currents
from the MWCNTs/NiIO nanocomposite electrode. The potential decreased
monotonically with time and a higher current provided a shorter discharge time, which is
a similar trend to the discharge tests of metal oxide-based pseudocapacitors [26].

The capacitances of the MWCNTS/NIO nanocomposite electrode were also

calculated from the discharge curves using the following equation [11]:

_IAt
T mAV’

where I is the discharge current, m is the mass of MWCNTSs/NiO nanocomposite, At
is the discharge time and AV is the potential window. At I/m (discharge current per
mass of sample) of 0.5 and 7.5 A gnio %, calculated capacitances per mass of
MWCNTs/NiO nanocomposite were 1657 and 1175 F g%, respectively. Specific

capacitances per mass of NiO are calculated to be 2480 and 1759 F gnio * at each

10
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Fig. 2 (a) Cyclic voltammetry (CV) and (b) chronopotentiometry (CP) curves of
MWCNTSs/Ni-species nanocomposites fabricated by pulsed current electroplating in a
modified Watts bath. A typical three-electrode electrochemical cell and an electrolyte of
6 mol L™* KOH aqueous solution were used with the fabricated nanocomposite electrode
as the working electrode.

discharge current..
Comparison between the capacitance per mass of the active Ni species of the

present MWCNTs/NiO nanocomposite electrode and previous results [3-9,11,13-

11



16,26,28] is shown in Fig. 3. As shown in Fig. 3a, the capacitances of the present
nanocomposite electrodes evaluated by CV are higher than the capacitances of previous
studies for most of the Ni-species pseudocapacitive electrodes at every scan rate. In
particular, at low scan rates, the capacitance of the present nanocomposite electrode is
much higher than the others. Similarly, the capacitances of the present nanocomposite
electrode evaluated by CP measurements are higher than those in previous studies, as
shown in Fig. 3b. The theoretical capacitances of NiO are 2584 F g~* within a potential
width of 0.5 V [7,16]. Therefore, the present MWCNTs/NiO nanocomposites provide a
capacitance very close to the theoretical values.

Energy density (E) and power density (P) can be calculated by the following

equations [29,30]:

At I/m of 0.5and 7.5 Agnio %, E were calculated to be 21 and 15 Wh kg%, while P
were 0.08 and 1.1 kW kg™, respectively. Although these values of density were not
always as high as those in literatures [10,28] perhaps due to narrow potential window,
there is much room for further investigation.

The Faradaic reactions of NiO are described by the following equation [31]:

12
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nanoparticles. To increase the effective specific capacitance of the active NiO, the specific
surface area of the NiO particles should be increased. In the present study, reduction of
the size of the deposited Ni particles led to an increase in the specific surface area, which
consequently provides more reaction sites for the redox reactions in the composite
electrode.

To the best of our knowledge, the deposited Ni oxide particles used in the present
nanocomposite electrode are the smallest (4 nm) of those reported. In our previous study,
we reported the pseudocapacitance of similar MWCNTSs/Ni-species nanocomposite
electrodes prepared from particles with a diameter of 7 nm, where the conventional Watts
bath was used for Ni pulsed current electroplating [26]. Assuming that the deposited
particles are hemispherical, the specific surface area of NiO is proportional to the
reciprocal of the diameter. Hence, the reduction of size from 7 to 4 nm means there is
1.75 times increase of the specific surface area, which roughly corresponds to the
multiplying factor of 1.56 of the corresponding capacitances obtained at low scan rates.
This correlation indicates that the high capacitance of the present nanocomposite
electrode can be mainly attributed to the higher specific surface area where the redox
reactions occur. The extraordinarily small size of the active NiO results from the low

concentration of Ni?* used in the modified Watts bath, which successfully suppresses the

14



grain growth.

4. Conclusions

The modified Watts bath coupled with pulsed current electroplating led to the

fabrication of MWCNTSs/NIO pseudocapacitive electrodes with extraordinarily small

active NiO particles. HR-TEM observations (Fig. 1) revealed very fine NiO particles with

a size of less than 4 nm on the surface of the CNT in the nanocomposite electrodes. The

smaller size of the deposited Ni oxide particles provides a larger interface between the

deposited NiO nanoparticles and the electrolyte. As a result of uniform dispersion of the

ultrafine NiO particles on the MWCNTs, the nanocomposite electrodes have

distinguished capacitances.
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Figure captions

Fig. 1 (a) High-resolution transmission electron microscopy (HR-TEM) image of
MWCNTSs/NiO nanocomposites fabricated by pulsed current electroplating in a modified
Watts bath. (b and c¢) Enlarged images of (a), showing the lattice fringes of the deposited
particles (arrows) whose crystal lattices are different from those of the graphitic lattice of
the CNT. (d) Electron energy loss spectroscopy profile of MWCNTSs/NiO nanocomposites
fabricated by pulsed current electroplating in a modified Watts bath. Nickel, oxygen and

carbon were detected.

Fig. 2 (a) Cyclic voltammetry (CV) and (b) chronopotentiometry (CP) curves of
MWCNTSs/Ni-species nanocomposites fabricated by pulsed current electroplating in a
modified Watts bath. A typical three-electrode electrochemical cell and an electrolyte of
6 mol L™ KOH aqueous solution were used with the fabricated nanocomposite electrode

as the working electrode.

Fig. 3 Comparison of the capacitances between the present MWCNTSs/Ni-species
nanocomposite electrode and other Ni-species nanostructured pseudocapacitive

electrodes. Capacitances are evaluated by (a) CV and (b) CP measurements.
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1. Characterization of multiwalled carbon nanotubes (MWCNTS)

Figure S1a and S1b shows the high-resolution transmission electron microscopy

(HR-TEM) images of MWCNTSs after the electrophoretic deposition (EPD) on SUS316L

substrate and subsequent insulation annealing (before pulsed current electroplating of Ni).

The lattice fringe of the graphitic multiwall was parallel to the longitudinal direction of

the CNTSs. Although lattice disorder, which may be due to the acid treatment before EPD,

has been observed at the limited portion of the surface of nanotubes, the CNTs shows

typical characteristics of MWCNTSs. Electron-energy loss spectrometer with energy

resolution of 0.8 eV (Fig. S1c) detected large portion of carbon and small amount of

oxygen. The oxygen seems to be introduced during the acid treatment for EPD.
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Fig. 1 (a and b) Transmission electron microscopy (HR-TEM) image of MWCNTSs. (c)

Electron energy loss spectroscopy profile of MWCNTSs.
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2. Size distribution of NiO particles

Figure S2 shows the histogram of the size of NiO particles deposited on
MWCNTs, where HR-TEM images were used. The average size of NiO particles was 3.6
nm, although accurate determination was difficult due to overlap of particles and lattice

fringe of CNTs.

Frequency

2 3 4 5

Diameter (nm)

Fig. 2 Histogram of diameter of NiO particles deposited on MWCNTSs, where HR-TEM

images were used.
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