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A novel amperometric biosensor utilizing carbon nanotube (CNT)–Ni nanoparticle hybrid arrays for
ethanol detection has been developed. The sensor was fabricated by e-beam deposition of thin Ni film
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eywords:

on arrayed multi-walled carbon nanotubes grown directly on Si substrate. As the Ni film thickness is
≤200 nm, high-resolution SEM and TEM images showed well-dispersed and strongly adhered crystalline
Ni nanoparticles uniformly populated on the sidewalls of CNTs, and the sensitivity of the resultant CNT–Ni
sensor generally increased with increasing nickel thickness. The best sensor showed a wide response
range of 50–600 �M, a response time of <10 s, and a sensitivity of 14.81 �A �M−1 cm−2 which is ∼380%
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. Introduction

Ethanol sensors with high sensitivity, selectivity, and short
esponse time are needed for many applications, such as in
edicine, fermentation, and food industry. Accurate and reli-

ble measurement of ethanol is also very important in clinical,
gricultural, and environmental analyses. Conventional analytical
ethods, such as chromatography, spectrometry, and refractom-

try, often require relative expensive instruments which are
aborious, complex, and time-consuming to operate. Thus, much
rogress has been made in finding a more cost-effective approach
f using electrochemical biosensors with enzyme-modified elec-
rodes. The enzymatic biosensors were commonly fabricated
y attaching either alcohol oxidase (AOD) (Xie et al., 1992;
ijayakumar et al., 1996) or alcohol dehydrogenase (ADH) (Wang
t al., 1992; Katrlik et al., 1998) to suitable solid electrodes, which
atalyze the conversion of alcohol to aldehyde. In the case of AOD-
ased biosensors, the consumption of O2 or the production of H2O2

s measured, while the ADH-based biosensors rely upon the elec-
rocatalytic ability toward the NADH in the presence of coenzyme
icotinamide adenine dinucleotide (NAD+). However, the enzyme-
odified electrodes have several constraints, such as short lifetime,

oor stability, and susceptible to temperature change.

To overcome the disadvantages of enzymatic methods men-

ioned above, electrodes based on pure nickel or nickel-coated
ubstrates have appeared to be promising alternatives for electro-
hemical ethanol sensing (Liao and Chou, 2000; Pang et al., 2001;

∗ Corresponding author. Tel.: +886 3 5162228; fax: +886 3 5722366.
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nanostructured Ni/Pt/Ti electrodes.
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Weng et al., 2004). The ethanol detection mechanism of nickel-
based electrodes is based on the oxidation of ethanol, at a lower
electrocatalyzed potential, by the redox pair of Ni(OH)2/NiOOH on
nickel surface in alkaline media (Sattar and Conway, 1969; Carbonio
et al., 1982; Lo and Hwang, 1995). However, these two-dimensional
plate-type nickel electrodes provide relatively insufficient sur-
face area and thus showed marginal catalytic activity towards the
oxidation of ethanol (Liao and Chou, 2000; Pang et al., 2001). Nev-
ertheless, the sensing performance of the Ni-based electrochemical
sensors had been considerably improved by increasing surface area
of the electrodes by using nanostructured nickel (Weng et al., 2004).

Due to the high surface free energy provided by their enormous
surface areas, many kinds of metal nanoparticles exhibit excellent
catalytic properties and have been widely used in electrochemi-
cal sensors and biosensors (Luo et al., 2006). On the other hand,
many studies have revealed that carbon nanotubes (CNTs) is an
outstanding catalyst support (Fang et al., 2007) due to its high
surface area and excellent electron transfer rate (Nugent et al.,
2001). Furthermore, vertically aligned CNTs can act as molecular
wires to allow efficient electron transfer between the underlying
electrode and the redox centers (Wang, 2005). There are many
active efforts to develop a variety of electrochemical sensors with
hybrid nanoparticles/CNTs materials. For example, gold (Manso
et al., 2007), palladium (Lee et al., 2007; Lim et al., 2005), plat-
inum (Tang et al., 2004), and CdTe (Liu et al., 2007) nanoparticles
have been used in conjunction with CNTs for the electrocatalytic

sensing of glucose. The as-produced nanocomposites have demon-
strated electrochemical and sensing performances superior to their
bulk counterparts. Thus, hybrid nanocomposites constructed by
modifying the surface of arrayed CNTs with well-dispersed Ni
nanoparticles is expected to be a promising catalyst material for

dx.doi.org/10.1016/j.bios.2010.06.016
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
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thanol detection. The Ni–CNT nanocomposites have been pro-
uced by electro deposition (Arai et al., 2004; Jin et al., 2007),
lectroless deposition (Wang et al., 2005), or impregnation (Kim et
l., 2005). However, due to the insolubility of CNTs in all solvents,
et chemical pretreatments and/or metal organic precursors were

ommonly utilized to obtain dispersed Ni nanoparticles on CNTs
n those studies. In this work, we present a simple yet efficient
oute for the preparation of well-dispersed Ni nanoparticles on ver-
ically aligned CNTs grown directly on Si substrates. It is found that
ell-dispersed Ni nanoparticles can be formed on the sidewalls

f CNTs by e-beam deposition without using any wet chemical
retreatments or metal organic precursors. The resulting CNT–Ni
anocomposite showed a sensitivity of up to 14.81 �A �M−1 cm−2

ith a response time of <10 s.

. Experimental

.1. Preparation of arrayed CNT–Ni nanocomposites

Prior to CNT growth, chromium (Cr), titanium (Ti), and cobalt
Co) metals with thicknesses of 100, 40, and 8 nm, respectively,
ere consecutively deposited onto a SiO2/Si substrate of an area

f 2 cm2 by e-beam evaporation. Then, aligned multi-walled car-
on nanotubes were grown by microwave-heated chemical vapor
eposition (MH-CVD) (Huang et al., 2005). The MH-CVD growth
f CNTs was carried out at a microwave power of 1100 W, a sub-
trate temperature of 680 ◦C, and a growth time of 15 min. Only
H4 was fed into the deposition chamber, and the chamber pres-
ure was maintained at 1 atm. The deposited Cr/Ti bilayer was
sed to improve the adhesion and reduce the contact resistance
etween the CNTs and the Si substrate. Finally, Ni with thickness of
0–240 nm was deposited on the CNT arrays using e-beam evapo-
ation in a vacuum of ∼10−7 Torr. To ensure the deposited Ni is in
he form of nanoclusters, the deposition rate of Ni was kept as slow
s 0.1–0.5 Å/s.

.2. Characterization

The surface morphology of the arrayed CNT–Ni nanocomposites
as characterized by field-emission scanning electron microscopy

FESEM). The detailed nanostructure of the hybrid nanocompos-
tes was studied by use of high-resolution transmission electron

icroscopy (TEM). The electrochemical (EC) behaviors of the
NT–Ni nanocomposites were characterized by cyclic voltammetry
nd chronoamperometry using an EG&G 273 potentiostat. In addi-
ion, high-resolution X-ray photoelectron spectroscopy (HRXPS)
as employed to investigate the states of Ni(OH)2/NiOOH before

nd after the EC sensing of ethanol.

.3. Sensing system

The sensing system contained a three-electrode cell using the
abricated CNT–Ni hybrid nanocomposites (area of 0.16 cm2) as
he working electrode, platinum wire as the counter electrode,
nd Ag/AgCl (saturated KCl) as the reference electrode. All opera-
ional potential values given below refer to Ag/AgCl. Amperometric

easurements were carried out under steady-state conditions in
0.5 M KOH aqueous solution by applying a desired potential
ithin the limiting current window of the working electrode. When

he background current had achieved a steady-state value, 50 �M

f ethanol (or other interfering species) was added and the new
teady-state current was noted. With each addition, the response
urrent increased and a new steady-state was reached. The differ-
nces between these currents and the background current were
sed to construct a calibration curve for concentration of ethanol
Fig. 1. (a) Low-magnification cross-sectional and (b) high-magnification top-view
FESEM micrographs of CNTs with 100 nm Ni coating. (c) High-resolution TEM image
showing dispersed nanonickel crystallites.

versus response current. The sensitivities of the CNT–Ni sensors
were calculated using the equation

S = �I
,

�C × A

where S is the sensitivity in �A/(�M cm2), �I is the current
response in �A, �C is the difference of ethanol concentration in
�M, and A is the surface area of the CNT–Ni electrode in cm2.
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ig. 2. Cyclic voltammograms of different electrodes including (a–d) 100–160 nm
i modified CNTs and (e) pure Ni. The curves were taken in 0.5 M KOH solution at a

can rate of 40 mV/s.

. Results and discussion

.1. Structural characterization

Fig. 1 shows the FESEM and TEM images of CNTs after the e-beam
eposition of 100 nm Ni. The low-magnification cross-sectional
ESEM image, Fig. 1(a), demonstrates arrayed nanocomposites
ith average length ∼10 �m grow vertically to the substrate. The
igh-magnification FESEM image, Fig. 1(b), illustrates that nickel
anoclusters have coated on the surface of CNTs with good uni-

ormity and conformity. Additionally, the high-resolution TEM
icrograph in Fig. 1(c) depicts that nickel nanoparticles as small

s 5 nm can be found to disperse on the surface of CNTs.

.2. Electrochemical behavior

The cyclic voltammetric properties of the CNT–Ni nanocompos-
tes and pure nickel are displayed in Fig. 2. In the case of pure nickel
lectrode, the anodic and cathodic peaks of the reversible redox
eactions appear at 0.4 and 0.3 V, respectively. The anodic peak is
elated to �-Ni(OH)2 and �-Ni(OH)2 which oxidized to �-NiOOH
nd �-NiOOH, while the cathodic peak is related to �-NiOOH and �-
iOOH which oxidized to �-Ni(OH)2 and �-Ni(OH)2 (Fleischmann
t al., 1971; Lo and Hwang, 1998). In the case of CNT–Ni nanocom-
osites, depending on the thickness of nickel coating, the oxidation
eaks shift to 0.51–0.54 V while the cathodic reduction peaks shift
o 0.18–0.16 V as the nickel thickness increased from 100 to 160 nm.
he shifts of redox peak positions are in agreement with those
eported in the literatures (Weng et al., 2004). In addition, the
NT–Ni nanocomposites consistently show larger anodic peak cur-
ents than the pure nickel electrode owing to the ultra nanonickel
rystallites as shown in Fig. 1(d). Similar results have been reported
Weng et al., 2004). Consequently, the CNT–Ni nanocomposite
tructure indeed leads to a significant enhancement in sensor sensi-
ivity due to enormous surface areas available for redox reactions,
s compared to the plate-type nickel electrodes (Liao and Chou,
000; Pang et al., 2001).

The operational potential window of the CNT–Ni nanocom-
osite electrode characterized by the limiting current range was

btained by the voltammetry linear sweep technique. As shown in
ig. 3, the applied potential on the CNT–Ni hybrid with 200 nm Ni
hickness was swept from 0.46 to 0.65 V at a scan rate of 1 mV/s.
t can be seen that for the potential window ranging from 0.49
o 0.55 V, the anodic current remained constant at 283 �A. This
Fig. 3. Linear sweep voltammogram of the CNT–Ni nanocomposite with 100 nm Ni
thickness. The curve was taken in a solution of 1 mM ethanol in 0.5 M KOH. Scan
rate: 1 mV/s.

situation implies that the electrode response in this potential win-
dow was controlled by the steady-state mass transfer reaction.
Consequently, the potential of 0.5 V was adapted as the working
potential for the detection of ethanol concentration. It is known
that nickel possesses different oxidation states including �-, �-,
and �-Ni(OH)2/NiOOH in alkaline solutions (Schrebler Guzmán et
al., 1978), and only the �-Ni(OH)2/NiOOH has shown characteris-
tic features in electrochemical catalysis (Sattar and Conway, 1969).
In the present study, all of the CNT–Ni hybrid electrodes exhibited
almost identical characteristics using the linear sweep voltamme-
try technique that was swept from 0.46 to 0.65 V at the scan rate of
1 mV/s.

3.3. Chronoamperometry

Fig. 4(a) shows the amperometric responses of the CNT–Ni
nanocomposite biosensor with 200 nm Ni thickness. The amper-
ometric response of the CNT–Ni biosensor upon each successive
addition of 50 �M ethanol was recorded in a 0.5 M KOH aqueous
solution at the operational potential of 0.5 V. With each addition
of ethanol, the response time needed for reaching the 90% steady-
state response was found to be ∼10 s, which is far better than other
reported values (Weng et al., 2004). Fig. 4(b) is the correspond-
ing calibration curve. It is clearly observed that the amperometric
response shows a linear relation to ethanol concentration for the
concentration ranging from 50 to 600 �M.

The dependence of nickel thickness of the CNT–Ni biosensor
on its sensitivity to ethanol concentration is presented in Fig. 5.
In general, the sensitivity increases with increasing nickel thick-
ness as the Ni thickness is ≤200 nm. As revealed in Fig. 1(c) and
(d), nickel nanocrystallites disperse over the entire tube surface
and provide enormous electrochemical active surface areas for
redox reactions, thereby giving rise to the observed increase in
sensitivity from 0.29 to 14.81 �A �M−1 cm−2 as the nickel thick-
ness increases from 60 to 200 nm. This performance is superior to
those of other nickel-based electrodes reported previously (Liao
and Chou, 2000; Pang et al., 2001; Weng et al., 2004). However,
as the Ni thickness further increases to 240 nm, the sensitivity
decreases to 12.75 �A �M−1 cm−2. This decline in sensitivity can
be attributed to the dense population of CNTs (Fig. S1; see Sup-

porting Information), since the dense nature of CNTs may preclude
the Ni particles of bigger size from entering into the inner space
of CNTs. Thus, when too thick nickel (e.g. 240 nm) is deposited,
the major Ni particles would agglomerate on the tip of CNTs and a
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Fig. 6. Calibration plots of the CNT–Ni nanocomposite with 200 nm Ni thickness to
successive additions of 50 �M ethanol and potential interfering species: (a) ethanol,
lactic acid, ascorbic acid, citric acid, malic acid, and acetic acid; (b) ethanol, methanol,
propanol, and butanol. Sensing condition: applied potential 0.5 V vs. Ag/AgCl; 0.5 M
KOH electrolyte. Each response represents the mean of five (for ethanol) or three (for
ig. 4. (a) Amperometric responses and (b) the calibration plot of the CNT–Ni
anocomposite with 200 nm Ni thickness to successive additions of 50 �M ethanol
t a potential of 0.5 V in 0.5 M KOH solution. Each response in (b) represents the
ean ± S.D. of five determinations.
oint would be reached that the CNTs is covered by a nickel film
Fig. S2; see Supporting Information). Under such a situation, the
ybrid behaves more like a two-dimensional plate-type nickel elec-
rode, which has significantly decreased surface areas available for

ig. 5. Effect of e-beam deposited nickel thickness on sensitivity of ethanol sensing.
ach response represents the mean ± S.D. of five determinations.
interfering species) experiments, with a relative standard deviation (R.S.D.) lower
than 5.16, 1.46, 4.62, 9.76, NA (not available), NA, 7.78, 7.85, and 8.64% for ethanol,
lactic acid, ascorbic acid, citric acid, malic acid, acetic acid, methanol, propanol, and
butanol, respectively.

sensing compared to the CNT–Ni nanocomposite electrode. There-
fore, the amount of nickel loading on the CNTs needed to obtain
the highest sensitivity is determined by varying the thickness of
the deposited nickel till an optimum surface coverage is reached
for nickel nanocrystallite attachments.

3.4. Selectivity of the sensor

The selectivity of the sensor was examined by studying the
amperometric responses of the sensors to successive additions
of 50 �M of ethanol and eight potential interfering species,
namely lactic acid, ascorbic acid, citric acid, malic acid, acetic
acid, methanol, propanol, and butanol. All amperometric measure-
ments were carried out in a 0.5 M KOH aqueous solution at an
operational voltage of 0.5 V. Fig. 6(a) displays the corresponding
calibration curves for ethanol and the five acids. Clearly, the amper-
ometric trend in sensitivity was observed in the following order:

ethanol > lactic acid > ascorbic acid > citric acid > malic acid = acetic
acid. Furthermore, it is noted that the biosensor exhibited essen-
tially negligible responses to all interfering species except lactic
acid. The calibration curves for ethanol, methanol, propanol, and
butanol are shown in Fig. 6(b). Obviously, the sensor exhibited a
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Table 1
Results for the determination of ethanol concentration in red wine using the CNT–Ni
nanocomposite sensor with 200 nm Ni thickness.

Sample no.

1 2

Nominal valuea (�M) 50 100
b

Fig. 7. HRXPS spectra of Ni 2p and O 1s of the C

uch higher sensitivity toward ethanol than other alcohols, and
s suitable for use in both medical and brewing applications. Two
actors, the oxidation overpotential and the molecular structure,
an affect the selectivity of ethanol sensors. The working overpo-
ential utilized in this study is 0.5 V at which other alcohols may
xidize, too. However, the different molecular structure associated
ith each interfering species may render a different reaction rate

s it undergoes each of the cyclic reactions, i.e., changes of func-
ional groups from ethanol, aldehyde to carboxylic acid (Pang et al.,
001), at the hybrid electrode. Thus, although the chemical struc-
ure of each alcohol has a hydroxyl group, the hybrid electrode may
xhibit a different level of response current to each alcohol deter-
ination. Based on the data shown in Fig. 6(b), we may conclude

hat the overall reaction rate of each alcohol is in the following
rder: ethanol > methanol = propanol = butanol.

Relative errors on the determination of 300 �M ethanol in solu-
ion caused by the same concentration of lactic acid, ascorbic acid,
itric acid, malic acid, acetic acid, and other alcohols are 50.1%,
22.2%, ∼8.6%, 0%, 0%, and ∼23.7%, respectively. The large errors
aused by the lactic acid, ascorbic acid, and alcohols may be due to
he relatively high operating potential of the electrode (+0.5 V).

.5. HRXPS analysis and stability of the sensor performance

The ethanol detection mechanism of nickel-based electrodes
as been widely studied (Sattar and Conway, 1969; Carbonio et al.,
982; Lo and Hwang, 1995; Liao and Chou, 2000), which relied upon
he oxidation of ethanol by the redox pair of Ni(OH)2/NiOOH on
ickel surface in alkaline media. To confirm this, we have employed
igh-resolution XPS to investigate the states of Ni(OH)2/NiOOH
efore and after electrochemical (EC) sensing of ethanol. The HRXPS
pectra and their assignments are shown in Fig. 7. Prior to EC sens-
ng, the Ni 2p and O 1s spectra of the hybrid show the characteristic
eak of the Ni(OH)2 bond at 856.2 eV and an oxygen related peak
t 531.8 eV contributed by NiOOH attached to the surface of CNTs,
espectively. After EC sensing, the Ni 2p and O 1s spectra exhibit
imilar while declining features with negligible shifts in the bind-
ng energies of the redox pair. The lower intensity of the redox pair
fter EC sensing is due to the aggregation of CNTs in alkaline media,
hich results in less active surface areas for redox reactions.

The time interval between the two HRXPS measurements, i.e.,
rior to and after EC sensing of ethanol, was ∼2 months. This HRXPS
nalysis not only illustrates the existence of Ni(OH)2/NiOOH by

xidation of ethanol but also indicates the long-term stability of
he sensor with respect to its shelf-life (not in use). The long-term
orking stability of the sensor was also studied by performing a

0-day continuous measurement. The result shows that the sensor
ould still produce >90% of its initial response to 50 �M ethanol
This work (�M) 49.4 ± 2.6 99.8 ± 5.6

a Calculated from the volume concentration shown on the product level of the
wine sample.

b Mean ± S.D. of five measurements.

on the 20th day and the day-to-day variation in sensitivity is
∼5%.

3.6. Reproducibility of the sensor

The proposed sensor fabrication condition allows the repro-
ducible production of ethanol sensors. To assess this, six more
CNT–Ni hybrid electrodes have been prepared under otherwise the
same conditions, i.e., 200 nm Ni loading. The performances of these
sensors were tested by applying them to the determination of the
concentration in alcoholic beverages: beer and wine. The responses
obtained with the biosensors showed a relative error of within 6%,
indicating the reproducibility of the fabrication.

3.7. Real sample analysis

The CNT–Ni biosensor with 200 nm Ni thickness was used for
the measurement of ethanol concentration in red wine. The alco-
hol volume concentration shown on the product level of the wine
sample is 12%. The sample solution was first diluted with deionized
water and used as stock substrate solutions. The change in current
density was monitored after the addition of a certain amount of the
diluted red wine to the reaction cell. The concentration contributed
to the measured signal was estimated by using the calibration curve
as shown in Fig. 5(b). The assay results determined by this sen-
sor are shown in Table 1. It can be seen that the result showed an
acceptable correlation between the claimed and measured values.

4. Conclusions

In summary, we have demonstrated a simple and efficient
approach for the fabrication of ethanol biosensors based on nickel

nanoparticles modified MWCNT arrays grown directly on Si sub-
strates. The Ni nanoparticles obtained by e-beam deposition were
well-dispersed on the sidewalls of CNTs, which consequently
showed enhanced electrocatalytic activity in ethanol oxidation
reactions compared to the plate-type Ni electrodes. The sensitivity
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f the sensor generally increases with increasing nickel thick-
ess till an optimum surface coverage of nickel nanocrystallites
n CNTs is reached. The optimal Ni thickness is about 200 nm
nd the resulting CNT–Ni nanocomposite exhibited a sensitivity
f 14.81 ± 1.33 �A �M−1 cm−2.
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