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Abstract

Nickel (Ni) always accumulates on multi-walled carbon nanotubes (MWCNT) by direct electrodeposition. In this paper, nickel nanoparticles were
electro crystallized on 4-nitroaniline (NA) radical monolayer-grafted on MWCNT through molecular level design. The structure and nature of the
Ni/NA/MWCNT were characterized by field emission scanning electron microscope (FE-SEM), X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS), the results show that Ni nanoparticles were homogeneously electrodeposited on the surfaces of MWCNT. This complex
catalyst showed excellent electro-catalytic activity for oxidation of ethanol in alkaline solution.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Nickel is an effective and cheap catalyst for oxidation of small
organic compounds including glucose and glycine [1], carbohy-
drates [2,3], especially, methanol [4—7] and ethanol [8—13]. For
example, nickel redox centers, Ni(OH)2/NiOOH, formed on the
nickel surface show high catalytic activity towards the oxidation
of ethanol in alkaline media which possibly undergo competi-
tion between 2e”~ to the aldehyde and 4e™ to carboxylic acid
[2,3,14-17].

On the other hand, MWCNT is an outstanding catalyst sup-
port due to its excellent mechanical characteristics, nanometer
size and high surface area [18,19], therefore a MWCNT and
Ni composite (Ni/MWCNT) are expected to be a promising
new catalyst material. Some studies had revealed various inno-
vative functions, such as protection against corrosion [20,21],
enhanced hardness [22], alloying [23] and catalytic performance
[24,25]. The Ni/MWCNT can be produced by electro deposi-
tion [20-22,24], electroless deposition [23] or pyrolysis [25].
Among these, electro-synthesis could be a better method due to
its convenience and economy. But, the Ni nanoparticles often are
spontaneously form at the defects of the MWCNT resulting in a
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gathering effect, further decreasing the innovative functionality.
Meanwhile, the Ni density is much larger than the carbon nan-
otubes, so the control of the interface between the filler and the
support has not yet been developed well. Therefore, it is impor-
tant to make a homogeneously electrodeposited Ni/MWCNT
composite.

In this study, a novel method is described for the preparation
of nanoparticles of Ni on MWCNT through a molecular level
approach for ethanol oxidation.

2. Experimental
2.1. Chemicals

MWCNT with diameters of 10-30nm and lengths of
1-10 pum were purchased from Sun Nanotech. Co. Ltd. of
China and were synthesized by catalytic decomposition of
CH4 on a NiMgO catalyst [26]. All chemicals were of the
highest quality that are commercially available: 4-nitroaniline
(NA), nickel nitrate (NiNQO3), lithium nitrate (LiNO3), choline
(HOCH,;CH;N*(CH3)3, Ch), and ethanol (Chemical Regent
Factory of Shanghai, China); tetrabutylammonium tetrafluorob-
orate (n-BuyNBF,) (Fluka). Acetonitrile (ACN) was distilled
twice prior to use. All other chemicals were of reagent grade.
Doubly distilled water (prepared in a quartz apparatus) was
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Fig. 1. (A) CVs of a MWCNT electrode derivatized by 4-nitrobenzene radicals from the reduction of 4-nitroaniline in CH3CN+0.1 M n-BusNBF4. (Inset)
MWNCT/Ch/WGE in blank CH3CN+0.1 M n-BusNBF4. (B) CVs of a MWCNT electrode derivatized by 4-aminobenzene radicals from the reduction of
4-nitrobenzene radicals in 90:10 H,O + C,HsOH + 0.1 M KCI. Scan rate: 50 mV s~

used in all experiments. High purity nitrogen gas was used for
deaeration.

2.2. Instrumentation

Electrochemical measurements were performed with a model
CHI 660 B electrochemical analyzer (Cheng-Hua, Shanghai,
China). A conventional three-electrode electrochemical system
was used for all electrochemical experiments. The working elec-
trode was a paraffin-impregnated graphite electrode (WGE) with
geometric area of 0.125cm™2. A saturated calomel electrode
(SCE, KCl) and a platinum electrode were used as the reference
and the auxiliary electrode, respectively. Field emission scan-
ning electron microscope (FE-SEM) images were obtained on a
JSM-600 field emission scanning electron microanalyser (JEOL,
Japan). XPS spectra were recorded by using an ESCALAB MK,
spectrometer (Vg corporation, UK) with a Mg-Alpha X-ray
radiation as the source for excitation. X-ray diffraction (XRD)
data of the samples were collected using a Rigaku D/MAX-rB
diffractometer with Cu Ko radiation.

2.3. Preparation of electrodes

The 10 mg MWCNT were dispersed in 10 ml of mixed acid
solution of nitric acid and perchlorate acid (7:3). The mixed
solution was ultrasonically agitated for 7h. The MWCNT were
washed with doubly distilled water to a neutral pH, then washed
with acetone and dried in air. The peaks at 1735 and 1590 cm ™!
in the FTIR spectrum suggested that carboxylic acid groups and
carboxylate groups were present on the surface of the MWCNT
[27]. About 2.5 mg of mixed acid-treated MWCNT was dis-
persed in 10 ml of acetone with the aid of ultrasonic agitation to
give 0.25 mgml~! black suspension.

The WGE electrode was step by step polished to a mirror-like
finish with fine wet emery paper (grain size 1000, 3000, 4000),
followed by sonication in ethanol and water for 15 min, respec-
tively. After cleaning, the choline modified WGE (Ch/WGE)
with a positive charge was fabricated using the anode oxidation
method by C-O bond in order to bond MWCNT with charge
[28]. Some microliters of the mixed acid-treated MWCNT solu-
tion were cast onto the surface of Ch/WGE, and the solvent

acetone was evaporated, after rinsing with distilled water, the
electrode was termed: MWCNT/Ch/WGE [29].

The electro-synthesis of Ni nanoparticles on the MW-
CNT surface followed the literature [30] process. Firstly,
the MWCNT/Ch/WGE electrode was immersed into a
solution including CH3CN+0.1M n-BusNBF4+5.0mM 4-
nitroaniline (NA), modified by 4-nitrobenzene radicals via
a —C—C- bond using the cyclic voltammetry method
(CV). After rinsing with distilled water, the -electrode
was transferred into a protonic solution including 90:10
H,O+C;Hs0H+0.1M KCl, then, the NO, group in 4-
nitrobenzene on the electrode surface was reduced to the NH»
group by applying a potential of —1.2'V for 600 s; secondly,
the 4-aminobenzene monolayer-grafted MWCNT electrode
(NA/MWCNT/Ch/WGE) was then immersed into a solu-
tion including 0.018 M NiNO3 + CH3CN +0.01 M KNO3 for
20 min; Thirdly, after rinsing thoroughly with CH3CN/0.01 M
KNOj3 solution, the Ni?* adsorbed NA/MWCNT/Ch/WGE elec-
trode was transferred into CH3CN/0.01 M KNO3 solution, Ni
nanoparticles were grown on NA/MWCNT/Ch/WGE by CV
method, and recorded as Ni/NA/MWCNT/Ch/WGE.

3. Results and discussion

3.1. Preparation of a 4-nitrobenzene radical monolayer on
MWCNT/Ch/WGE surface

Fig. 1(A) shows the CVs of MWCNT/Ch/WGE in the
presence and absence (inset) of 5.0mM 4-nitroaniline in
CH3CN/0.1 M n-BusNBF, solution. In both states, a pair of
redox peaks (0.1/0.0 V) can be seen matching oxygen func-
tion of MWCNT [31]. In the presence of 4-nitroaniline, there
is another irreversible reduction peak at —0.70 V decreasing
with repeated scanning. This indicates the formation of a dia-
zonium derivative corresponding to reaction (***) in Scheme 1
[32], which can further produce 4-nitrobenzene radicals link-
ing with the MWCNT by a -C—C- bond [30,33-36]. Fig. 1(B)
shows the transformation of NO, groups into NH; in the pro-
tonic solution (90:10 HO+ C,Hs0OH +0.1 M KCI). There is
an irreversible reduction peak at —0.79V gradually dimin-
ishing on continuous cycling with a small oxidation peak at
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Fig. 2. (A): Reduction of Ni** at NA/MWCNT/Ch/WGE; medium: 0.01 M KNO3/ACN. (B) The transformation of Ni at NA/MWCNT/Ch/WGE in 0.1 M NaOH.
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—0.77V, it suggests a gradual reduction of NO; to NH, within
the grafted layer [30,36]. This suggests Scheme 1. The quan-
tity of NH, on the MWCNT/Ch/WGE surface is estimated
from the charge in the first scan, calculated by integration
of the first cathode peak [28,30]. The concentration of Ni in
Fig. 1(B) is 1.6 x 10719 mol cm~2. This electrode was termed:
NA/MWCNT/Ch/WGE.

3.2. Preparation of Ni nanoparticles on the
NA/MWCNT/Ch/WGE surface

After grafting the 4-aminobenzene monolayer, the NA/
MWCNT/Ch/WGE was immersed in a 0.018 M Ni(NO3),/
0.01M KNO3/ACN solution for 20min then rinsed
thoroughly with a blank solution. The Ni** modified
NA/MWCNT/Ch/WGE was then placed in a blank ACN/0.01 M
KNO3 solution, then, electrodeposited by the CV method until
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the reduction peak stopping declining Fig. 2(A) shows an irre-
versible reduction peak at 0.80 V corresponding to the growth
of Ni nanoparticles on NA/MWCNT/Ch/WGE. Fig. 2(B)
displays the transformation of Ni to NiOOH and Ni(OH);
at 0.52-0.36 V matching Scheme 2 [14-17]. The anodic
peak currents are linearly proportional to the scan rate up
to 400mV s~!, suggesting an adsorption-controlled process.
The quantity of Ni deposition is estimated from the charge,
calculated by integration of the anodic peak. The concentration
in Fig. 2(B) is 2.5 x 10719 mol cm 2

3.3. FE-SEM of Ni electrodeposits at
NA/MWCNT/Ch/WGE

Fig. 3 shows a FE-SEM micrograph of the Ni electrodeposits
for the MWCNT/Ch/WGE (A) and NA/MWCNTs/Ch/WGE (B)
in 0.01 M KNO3/ACN. As shown in Fig. 3(A) and the inset,

WD 8.2“rﬁ-n

0KV X120000 100nm

b .0k K60,000 100nm WD 7.5mm

Fig. 3. FE-SEM of Ni electrodeposits at MWCNT/Ch/WGE (A) and inset for 20 min, at NA/MWCNT/Ch/WGE for 20 min (B), 40 min (C) and 80 min (D); medium:

0.01 M KNO3/ACN.
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Fig.4. X-ray diffraction (XRD) pattern of Ni/NA/MWCNT (a) and Ni/MWCNT
(b) composites.

because the carboxylic acid groups on the surface of MWCNT
can stimulate the deposition of Ni. The Ni nanoparticles spon-
taneously formed at the local defects and end of MWCNT with
a lot of irregular aggregate islands [37]. However, Fig. 3(B)
shows a homogeneous electrodeposition effect of Ni nanoparti-
cles on the surface of NA/MWCNT/Ch/WGE with about 8 nm
in diameter. The reasons can be as follows: the 4-aminobenzene
group modified on the MWCNT surface by C—C covalent bonds
is an excellent substrate for Ni nanoparticle deposition. The 4-
aminobenzene monolayer on the MWCNT surface provides a
uniform functional surface, which can effectively prevent the
preferred nucleation process on the MWCNT surface. There-
fore, the present results demonstrate the possibility to control
the morphology of Ni-deposition with minimal surface deacti-
vation.

Moreover, the density of the Ni deposition depends on the
immersion time and concentration of the nickel nitrate. As can
be seen in Fig. 3(C) and (D), the Ni nanoparticles are gradually
overlapping with time increasing from 40 to 80 min, compared
with that in Fig. 3(B), therefore, the optimum immersion time
should be 20 min. While the concentration of nickel nitrate is
more than 0.1 M with immersion time in 20 min, the deposition
occurs overlapping.

3.4. XRD analysis of Ni/NA/MWCNT composites

Fig. 4 shows that XRD pattern of Ni/NA/MWCNT (a) and
Ni/MWCNT (b) composites. There is a typical reflection peak
(002) in MWCNT or graphite at 21.8° in two curves [37]. The
diffraction peaks in Ni/MWCNT (b) display a mixture effect of
NiO and Ni nanoparticles, the peaks at 37.3°, 43.3° and 63.0°
correspond to characteristic peaks of rock salt structured NiO,
which can be assigned to (11 1), (200) and (22 0) (26) reflec-
tion of fcc phase NiO [38,39], also observed, are two small
diffraction peaks at 44° and 52° matching Ni (11 1) and (200)
[40]. The size of the NiO and Ni nanoparticles are respectively
about 1.05 wm and 6.6 nm calculated using the Scherrer for-
mula. However, the XRD patterns of the Ni/NA/MWCNT (a)
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Fig. 5. XPS of Ni/NA/MWCNT/Ch/WGE prepared in 0.1 M NaOH.

composites only exhibit the characteristic peaks of Ni at 44°
and 52° (20) with an average size of 7.2 nm. This illustrates that
the MWCNT modified by 4-aminobenzene can not only effec-
tively avoid the preferred nucleation process on the MWCNT
surface, but also control the nanoparticle size. This result is sig-
nificant in the synthesizing of metal catalyst with a MWCNT
support.

3.5. XPS characterization of Ni/NA/MWCNT composites

X-ray photoelectron spectroscopy was used to probe the
chemical nature and oxidation state of the Ni/NA/MWCNT com-
posites transformed in 0.1 M NaOH. The Ni 2p3;», O 1s and
C 1s regions were analysed for each specimen. Typical XPS
spectra of Ni 2p3/2 are shown in Fig. 5, which gives two dif-
ferent nickel oxide species at 855.9£0.3 and 857.94+0.3eV
of binding energy assigned to Ni(OH), and NiOOH species
[4,11], respectively. This result agrees with Scheme 2. This ver-
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Fig. 6. CVs of 0.03M C,HsOH at WGE (a), MWCNT/Ch/WGE (b),
Ni/MWCNT/Ch/WGE (c) and Ni/NA/MWCNT/Ch/WGE (d) in 0.1 M NaOH.
Scan: 100mVs~!.
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Fig. 7. The steady-state polarisation curves of Ni/NA/MWCNT/Ch/WGE (a)
and Ni/MWCNT/Ch/WGE (b) in 3.43 M C,HsOH + 0.1 M NaOH.

ifies the transformation of Ni to NiOOH and Ni(OH); in 0.1 M
NaOH.

3.6. Electrocatalytic oxidation of ethanol at
Ni/NA/MWCNT/Ch/WGE

Fig. 6 shows the CVs of 0.03M C,HsOH at WGE
(a), MWCNT/Ch/WGE (b), Ni/MWCNT/Ch/WGE (c) and
Ni/NA/MWCNT/Ch/WGE (d) in 0.1M NaOH. It can be
readily seen that the Ni/NA/MWCNT/Ch/WGE shows an
excellent electrocatalytic oxidation of CoHsOH compared
with the other modified electrodes with a sharply increas-
ing peak current and negative potential. The oxidation of
ethanol undergoes two processes, one corresponds to the for-
mation of Ni(IIl) species with a reversible transformation of
Ni(OH)2/NiOOH on Ni/NA/MWCNT/Ch/WGE, and ultimately
NiO/NA/MWCNT/Ch/WGE is shaped [14-17]. The other is
only Ni(IIT) species (NiOOH) produced at the electrode sur-
face, in the presence of ethanol a new anodic peak with a large
peak current is formed (d). This suggests that ethanol is oxidized
and accompanied by the transformation of NiOOH to Ni(OH),
[4,13,41]. Therefore, NIOOH probably acts as an electro catalyst
[8]. On the basis of the above literature, we propose the follow-
ing mechanism 2 for the mediated electrooxidation of ethanol
on Ni/NA/MWCNT/Ch/WGE electrode.

3.7. The steady-state polarisation curves of
Ni/MWCNT/Ch/WGE and Ni/NA/MWCNT/Ch/WGE

Fig. 7 shows steady-state polarisation curves of Ni/NA/
MWCNT/Ch/WGE (a) and Ni/MWCNT/Ch/WGE (b)in 3.43 M
C>,H50H +0.1 M NaOH. The two catalysts displayed a similar
effect for the oxidation of ethanol at a lower potential (<0.9 V),
however, the activity of the Ni/NA/MWCNT increases consid-
erably compared with that of the Ni/MWCNT with a rising
response in higher potentials (>0.9 V). The reason is probably
the homogeneously electrodeposited Ni nanoparticles on the sur-
faces of NA/MWCNT/Ch with a larger area and a smaller size.
This result is consistent with Fig. 6.

4. Conclusion

A novel method for preparing homogeneously electrode-
posited Ninanoparticles is proposed on the surfaces of MWCNT.
In situ FE-SEM reveals that the homogeneous, spherical
nanoparticles are anchored on the external walls of MWCNT.
The average size of these particles was 7.2 nm. Preliminary tests
indicated that the Ni/NA/MWCNT composite exhibits a high
catalytic activity for the electrooxidation of ethanol. This sim-
ple nanoparticle deposition technique is not limited to Ni but
may be used to prepare a variety of metallic nanoparticles on
MWCNT surfaces for application as catalysts in fuel cells.
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