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a b s t r a c t

A novel chemical modified nickel (Ni) electrode based on multi-walled carbon nanotubes (MWCNTs),
Nafion film and nickel hydroxide has been successfully fabricated for methane (CH4) detection at ambient
conditions. The morphology of the MWCNTs–Nafion/Ni(OH)2 film was characterized by transmission elec-
tron microscopy and the electrochemical properties of the Ni modified electrode were studied by cyclic
eywords:
ethane
ickel modified electrode
afion
ulti-walled carbon nanotubes

voltammetry. The MWCNTs–Nafion/Ni(OH)2–Ni electrode showed good catalytic effect on the oxidation
of CH4 in 1.0 M NaOH. In addition, the modified electrode was free from nitrogen and oxygen interferences.
When differential pulse voltammetry was applied to the MWCNTs–Nafion/Ni(OH)2–Ni electrode, a good
linear relationship between the oxidation peak current (i) and CH4 concentration (Cmethane) was obtained:
i = 1.841Cmethane + 46.25, where i is in �A and Cmethane is in 0.0–16.0% (v/v). The relative standard deviation
for detection of 3.0% (v/v) CH4 was 1.80% (n = 5). The proposed Ni modified electrode is anticipated to

nique
provide a promising tech

. Introduction

Methane (CH4) is a major component of the widely used natural
uel gas in industry and private households. It can be released from
he walls of coalmines. Explosion will occur when its concentration
n air reaches to 5–16% (v/v). Therefore the monitoring of CH4 in
oalmines is very important for safety reasons. In addition, it is also
greenhouse gas which is produced continuously by the anaerobic
xidation of organic materials and needs to be monitored. How-
ver, CH4 is relatively difficult to detect at ambient conditions as its
hemical reactivity is low. The commonly used techniques for CH4
etection include gas chromatography (GC) [1–9], semiconductor
evices [10–21], optical fiber sensors [22], electrochemical meth-
ds [23–37], and biochemical methods [38,39]. Electrochemical
ethods are the most advantageous amongst all these techniques

ecause they are simple, fast and sensitive and are applicable for in
itu real-time analysis.

To date most electrochemical CH4 sensors are oxides-based and

ork only at relatively high temperatures so that better sensitivity

f detection can be achieved. For direct electrochemical measure-
ent of CH4 at ambient conditions, electrode materials of transition
etals such as nickel (Ni) or Ni alloys have to be used in strong alka-
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to detect CH4 at ambient conditions.
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line working media. It has been reported that anodic oxidation of
these electrodes in strong alkaline media produces a metal hydrox-
ide layer that can react with CH4 via an electro-catalytic pathway
[40], but the results are still not satisfactory. Thus, there is still a
need to develop other sensing materials that can detect CH4 at room
temperature.

Recently carbon nanotubes (CNTs) [41] are emerging as a
promising material for electrochemical detection, attributing to
their unique characteristics such as high mechanical strength and
modulus [42]. It is possible that new electrochemical sensors and
novel electro-catalytic materials [43] can be fabricated with CNTs
modified electrodes as the subtle electronic property of CNTs can
promote electron transfer in an electrochemical reaction. This char-
acteristic has also been reviewed recently [44].

CNTs can be effectively suspended and solubilized in Nafion (a
perfluorosulfonated polymer) to modify the electrode surfaces for
the development of an electrochemical CH4 sensor. So far there
are two major types of CNTs: the multi-walled carbon nanotubes
(MWCNTs) and the single-walled carbon nanotubes. MWCNTs are
outstanding catalyst support, attributing to its excellent mechanical
property, nanometer size and very large surface area [43,45].

Although a variety of modified electrodes have been studied,

to our knowledge, the use of MWCNTs–Nafion nickel hydrox-
ide modified nickel (NMN) electrode for CH4 determination has
not been reported. This paper reports the enhanced electrochem-
ical reactivity of CH4 at a MWCNTs–Nafion NMN electrode at
ambient conditions based on the superior catalytic properties of

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:dc@sxu.edu.cn
mailto:mfchoi@hkbu.edu.hk
dx.doi.org/10.1016/j.snb.2009.02.065
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Ni(OH)2 + OH− � NiOOH + H2O + e− (2)

Since nickel hydroxide (Ni(OH)2) and nickel oxy-hydroxide
(NiOOH) can easily form on the surface of a Ni electrode in 1.0 M
J. Qiao et al. / Sensors and A

i(OH)2/NiOOH and the fast electron transfer properties of MWC-
Ts. The objective of this work is to develop a rapid and sensitive
lectrochemical method for determination of CH4.

. Experimental

.1. Chemicals and reagents

Nafion 117 (5%, w/v in alcoholic solution) was purchased from
ldrich–Sigma and was diluted to 0.1% (w/v) Nafion with ethanol
efore use. High purity nitrogen (99.99%, v/v) and oxygen (99.99%,
/v) gases and standard CH4 gases (1.0, 1.5, 3.0, 5.0, 10.0, 16.0, and
9.9%, v/v) balanced with N2 were purchased from Fujiang Special
as Company (Taiyuan, China). All reagents of analytical grades or
bove were used as received without further purification. All aque-
us solutions were prepared with doubly distilled water. MWCNTs
purity ≥90%) were obtained from Keer Instruments Co., Ltd. (Shen-
hen, China).

.2. Apparatus

All the electrochemical experiments were performed with
HI660C electrochemical workstation (CH Instruments, Shang-
ai, China) using a conventional three-electrode cell. The working
lectrode was a modified Ni electrode (2 mm diameter, Lanlike
nstruments, Tientsin, China). An Ag/AgCl electrode (Model CHI
11P, CH Instruments) and a platinum wire were used as reference
nd auxiliary electrodes, respectively. The electrodes were inserted
nto a 50-mL electrochemical cell (Model CHI 222, CH Instruments)
or electrochemical measurements at ambient conditions.

The infrared (IR) spectrum of the treated MWCNTs was acquired
n a Perkin Elmer Paragon 700 Fourier transform IR spectrome-
er (Waltham, MA, USA). The transmission electron microscopic
TEM) images were performed on a JEM-100CX transmission elec-
ron microscope (Japan Electronic Company, Tokyo, Japan).

.3. Preparation of nickel hydroxide modified nickel electrode

The Ni working electrode was polished with 0.03 �m alumina
owders on a micro-cloth and then thoroughly cleansed ultrason-

cally with ethanol and doubly distilled water, respectively. The
lean Ni electrode was positioned in a 50-mL electrochemical cell
ontaining 25 mL of 1.0 M NaOH. Cyclic voltammetric (CV) scan
0.00–0.60 V) at a scan rate of 100 mV/s was applied to the Ni elec-
rode. After 300 cycles, a nickel hydroxide layer was formed on the
i electrode surface.

.4. Preparation of MWCNTs–Nafion nickel hydroxide modified
ickel electrode

0.5 g pristine MWCNTs were dispersed in 60 mL of concentrated
NO3 and refluxed for 6 h at 110 ◦C [46]. It is well-known that

his treatment causes segmentation and carboxylation of MWC-
Ts at their terminus. The IR spectrum of the treated MWCNTs
as used to confirm the presence of CO- (H) group on the sur-

aces of MWCNTs (peaks at 1105 and 1568 cm−1). MWNCTs/Nafion
uspension was prepared by adding 1.0 mg of the acid-treated
WCNTs in 5.0 mL of 0.1% (w/v) Nafion ethanol solution and then

onicated in a sonicator for 20 min. 11.0 �L of MWCNTs–Nafion
uspension was dropped on the NMN electrode surface and
eft at ambient conditions to evaporate the ethanol. Another
WCNTs–Nafion Ni electrode without Ni(OH)2 was also fabri-
ated in the same manner for comparison. The morphology of
WCNTs–Nafion and MWCNTs–Nafion/Ni(OH)2 films was stud-

ed by TEM. Since the modified electrodes could not be inserted
irectly into the TEM, only the surface layers of MWCNTs–Nafion
ors B 138 (2009) 402–407 403

and MWCNTs–Nafion/Ni(OH)2 were removed from their respective
Ni electrode and dropped on carbon-coated copper grids for TEM
imaging.

2.5. Electrochemical measurement

Various concentrations of standard CH4 gases were passed
through the electrochemical cell with 1.0 M NaOH as the sup-
porting electrolyte for 15 min. CV was then applied to study the
electrochemical behavior of the dissolved CH4. Differential pulse
voltammetry (DPV) was employed to investigate the relationship
of the CH4 oxidation peak current and CH4 concentration. All elec-
trochemical experiments were conducted at ambient conditions.

3. Results and discussion

3.1. Preparation of nickel hydroxide modified nickel electrode

Fig. 1 presents 300 consecutive CV scans of a Ni electrode in 1.0 M
NaOH solution at a scan rate of 100 mV/s. In the first cycle, a pair
of broad redox peak potentials appeared at 348 and 458 mV (vs.
Ag/AgCl) that are assigned to the Ni(II)/Ni(III) redox couple [40].
In the second cycle, the redox peak potentials shifted to 328 and
423 mV, respectively. A shoulder also developed on the cathodic
peak at about 256 mV. Upon further cycling, the currents increased
gradually but the peak potentials did not change much. Eventu-
ally only one pair of redox peaks was observed. The changes in the
shapes and positions of the peaks are probably due to changes in the
crystal structures of nickel hydroxide and nickel oxy-hydroxide of
the electrochemically formed surface film [47]. It has been reported
that the electro-oxidation of Ni electrode involves firstly the forma-
tion of �-Ni(OH)2 which is slowly converted to �-Ni(OH)2 and then
finally partially to oxy-hydroxide [48,49]. Both the electrodeposited
nickel hydroxide and nickel oxy-hydroxide phases are believed to
be non-stoichiometric [50,51]. The formation of nickel hydroxide
and nickel oxy-hydroxide on the nickel electrode surface can be
expressed by the following mechanisms:

Ni + 2HO− � Ni(OH)2 + 2e− (1)
Fig. 1. Cyclic voltammograms of nickel electrode in 1.0 M NaOH at the scan rate of
100 mV/s.
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ig. 2. TEM images of (A) MWCNTs–Nafion and (B) MWCNTs–Nafion/Ni(OH)2 films.

aOH by applying many cycles of CV, they are promising electro-
atalysts for the oxidization of CH4 (vide infra).

.2. Morphology of MWCNTs–Nafion and
WCNTs–Nafion/Ni(OH)2 films

Fig. 2 depicts the TEM images of MWCNTs–Nafion and
WCNTs–Nafion/Ni(OH)2 films. Fig. 2(A) shows that the acid-

reated MWCNTs have outer diameters of 40–80 nm and tube
engths of several micrometers. They are entangled because of their
arge surface area and the van der Waals attraction. On the other
and, Fig. 2(B) displays that the nickel hydroxide clusters agglom-
rate and attach densely on the surface of MWCNTs which can then
e employed for further electrochemical experiments.

.3. Electrochemical behavior of methane on nickel hydroxide
odified nickel electrode

In our preliminary work, CVs of CH4 at NMN electrode in vari-
us concentrations of NaOH were investigated. It was found that
.0 M NaOH produced the highest CH4 oxidation peak current.
herefore, 1.0 M NaOH solution was selected as the optimal elec-
rolyte for subsequent work. Fig. 3 displays the CVs of air, N2
nd CH4 in 1.0 M NaOH solutions at NMN, MWCNTs/NMN, and
WCNTs–Nafion/NMN electrodes, respectively. It is observed that

he redox currents and potentials are almost the same for all the
odified electrodes with air and N2, indicating that O2 did not

ignificantly interfere the electrochemical behavior of the modi-
ed electrodes. Fig. 3(A) depicts the CVs of NMN electrode in the
bsence and presence of CH4. The anodic current increased while
he cathodic current decreased slightly in the presence of CH4. The
light increase in the anodic current is perhaps attributed to the
xidization of CH4 and its oxidation may be mediated by the high
alence nickel species on the Ni surface electrode. Much higher
nodic and cathodic currents were recorded for the MWCNTs/NMN
lectrode (Fig. 3(B)) as compared to the NMN electrode (Fig. 3(A))
n the presence of air, N2, or CH4. The increase in current is possi-
ly attributed to the unique structure and extraordinary electron
ransfer promotion properties of MWCNTs at the electrode surface.
n addition, the MWCNTs/NMN electrode produced larger anodic

urrent with CH4 than air and N2. It is possible that CH4 was electro-
atalytically oxidized at the MWCNTs/NMN surface. The increase in
nodic peak current for CH4 is more profound at the MWCNTs/NMN
lectrode than the NMN electrode. These results indicate that the
xidation current of CH4 can be increased by adding MWCNTs to
Fig. 3. Cyclic voltammograms of (a) air, (b) N2 and (c) CH4 (99.9%, v/v) in 1.0 M NaOH
at (A) NMN, (B) MWCNTs/NMN and (C) MWCNTs–Nafion/NMN electrodes. The scan
rate was 20 mV/s.

NMN electrode. However, the slight shifting of the anodic peak to
higher potential is still not clearly understood.

It has been reported that Nafion is a useful perfluorosulfonated
polymer which can prevent electro-catalyst from leaching and
interference from other substances. As such, Nafion was added to
the MWCNTs/NMN electrode to further improve its electrochemical
properties. Fig. 3(C) displays the CVs of the MWCNTs–Nafion/NMN
electrode in 1.0 M NaOH solutions saturated with air, N2 and

CH4. The magnitudes of the cathodic and anodic currents were
more or less the same as that of MWCNTs/NMN electrode but the
CH4 oxidation peak current increases more significantly and the
peak potential is positively shifted as depicted in Fig. 3(C)(c). The
enhancement in the peak current is strongly attributed to the subtle
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lectronic properties and larger surface areas of MWCNTs as well
s the lipophilic backbone structure of Nafion. Nafion is able to mix
ith MWCNTs/Ni(OH)2 and form a network on the Ni electrode.

hus, the response of the MWCNTs–Nafion/NMN electrode in 1.0 M
aOH to CH4 was further investigated (vide infra).

.4. Optimization of fabrication of MWCNTs–Nafion/NMN
lectrode

The response current of the MWCNTs–Nafion/NMN electrode
o CH4 is largely affected by the amount of MWCNTs, the concen-
ration of Nafion and the volume of MWCNTs–Nafion suspension
sed for fabrication of MWCNTs–Nafion/NMN electrode. As such,
hese factors were investigated in detail by CV. First, different con-
entrations of Nafion from 0.05 to 0.3% (w/v) at a 0.05% (w/v)
nterval were prepared with 0.20 mg/mL of MWCNTs. Then these

WCNTs–Nafion/NMN electrodes were subject to CV study in the
resence of CH4 (not shown). At lower concentrations of Nafion
≤0.05%, w/v), the MWCNTs–Nafion film was not stable and came
ff easily from the NMN electrode. At higher concentrations of
afion (>0.1%, w/v), thicker films were formed which slowed down

he mass transfer of CH4 to the NMN electrode, and thus greatly
educed the anodic current signals. The optimal concentration of
afion which produced the highest signal to CH4 was 0.1% (w/v).

Second, different concentrations of MWCNTs from 0.10 to
.50 mg/mL were prepared with 0.1% (w/v) Nafion. The cur-
ent response was proportional to the MWCNTs concentration
p to 0.20 mg/mL and began to decline above 0.20 mg/mL (not
hown). Thus, the optimal concentration of MWCNTs was chosen
s 0.20 mg/mL.

Third, the volume of MWCNTs–Nafion solution for coating on
MN electrode was investigated. Fig. 4 displays the CH4 peak
urrent against the volume of MWCNTs–Nafion solution used for
abrication of MWCNTs–Nafion/NMN electrode. The peak current
ncreased gradually with the increase in MWCNTs–Nafion solution
rom 0.0 to 11.0 �L. The increase in loading of MWCNTs and Nafion
nto the NMN electrode surface provides more active sites for CH4

ccumulation and thus increases the oxidation current proportion-
lly. The peak current leveled off at 12.0 �L and further increase
n loading of MWCNTs–Nafion solution caused the peak current to
ecline. This is because the MWCNTs–Nafion film became too thick
nd thus slowed down the mass transport and charge transfer rate.

ig. 4. Plot of methane peak current as a function of the volume of MWCNTs–Nafion
olution used for fabrication of MWCNTs–Nafion/NMN electrode.
ors B 138 (2009) 402–407 405

In summary, the optimal concentrations of Nafion and MWCNTs
for fabricating MWCNTs–Nafion/NMN electrode were 0.1% (w/v)
and 0.20 mg/mL, respectively and the volume of MWCNTs–Nafion
suspension was 11.0 �L.

3.5. Electrochemical properties of methane on
MWCNTs–Nafion/NMN electrode

In order to investigate the rate-determining step of CH4 oxida-
tion at MWCNTs–Nafion/NMN electrode, the effect of scan rate on
the CV peak current was studied in 1.0 M NaOH. If the adsorbed
species is electrochemically active and adsorption-controlled, the
peak current will increase linearly with the scan rate as represented
by the following equation [52]:

Ip = QnF�

4RT
(3)

where Ip is the peak current, Q is the reductive peak area, n
is the number of electron transferred in the reaction, � is the
scan rate, F is the Faraday constant, R is the molar gas constant,
and T is the temperature. Fig. 5 displays the CVs of CH4 (99.9%)
on MWCNTs–Nafion/NMN electrode at different scan rates. The
peak current is directly proportional to the scan rate (inset of
Fig. 5), indicating that the electrochemical reaction of CH4 on
MWCNTs–Nafion/NMN electrode is an adsorption-control process.
The number of electron transferred in the reaction n was calculated
to be about 2 according to the slope of Eq. (3) and inset of Fig. 5,
inferring that a two-electron transfer took place in the reaction. The
total anodic oxidation of CH4 is postulated as reaction (4):

CH4 + 2NiOOH + H2O � CH3OH + 2Ni(OH)2 (4)

In brief, CH4 can be efficiently oxidized to CH3OH by the electro-
catalyst NiOOH in 1.0 M NaOH.

3.6. Measurement of methane on the MWCNTs–Nafion/NMN
electrode
The response of MWCNTs–Nafion/NMN electrode to vari-
ous concentrations of CH4 in 1.0 M NaOH was investigated.
DPV technique was applied to the electrochemical cell as it is
more sensitive than the CV method. Fig. 6 depicts the DPVs of

Fig. 5. Cyclic voltammograms of MWCNTs–Nafion/NMN electrode in 1.0 M NaOH
saturated with methane (99.9%, v/v) at various scan rates of 10–100 mV/s. The inset
displays the linear plot of the anodic peak current and the CV scan rate.
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Fig. 6. Differential pulse voltammograms of MWCNTs–Nafion/NMN electrode in
1.0 M NaOH saturated with various concentrations of (a) 0.0%, (b) 1.0%, (c) 1.5%, (d)
3.0%, (e) 5.0%, (f) 10.0%, and (g) 16.0% (v/v) methane. Each data point was obtained
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rom five replicate measurements. Inset (A) shows the linear calibration plot of the
eak current against the concentration of methane. Inset (B) displays the residual
lot of the calibration curve in inset (A).

WCNTs–Nafion/NMN electrode in 1.0 M NaOH saturated with var-
ous concentrations of CH4. The anodic peak current is linearly
elated to the CH4 concentration in the range of 0.0–16.0% (v/v).
he linear regression equation is: i = 1.841 Cmethane + 46.25 with the
orrelation coefficient of 0.9977 (inset (A) of Fig. 6), where i is the
nodic peak current (�A) and Cmethane is the concentration of CH4
%, v/v) passing through the electrolyte. The residual plot of the cal-
bration curve depicted in the inset (B) of Fig. 6 shows that the data
oints are roughly and randomly distributed above and below the
alibration curve. The relative standard deviation for 3.0% (v/v) CH4
s 1.80% (n = 5).

.7. Interferences

The interferences of gases were also evaluated. In real situations,
2 and O2 are the potential interferents in the analysis of CH4. It was

ound that N2 and O2 did not cause any interference to the detection
f CH4.

. Conclusion

In summary, we have described a method for fabrication of
WCNTs–Nafion/NMN electrode and determination of CH4 at

mbient conditions. The Ni electrode modified surface exhibited
etter electro-catalytic activity to CH4 oxidation due to the electro-
atalytic property of high valence nickel species and the subtle
lectronic properties and larger surface area of MWCNTs–Nafion.
he CH4 reaction on the MWCNTs–Nafion/NMN electrode was an
dsorption-control process. A linear relationship between the oxi-
ation current and CH4 concentration was obtained. Our work
ffers a novel method to determine CH4 in aqueous electrolyte at
mbient conditions. In addition, it is anticipated that it can be fur-
her modified to detect CH4 directly in air. This work is currently in
rogress in our laboratory.
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Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.snb.2009.02.065.
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