This document is downloaded from DR-NTU, Nanyang Technological
University Library, Singapore.

Title

Author(s)

Citation

Electrochemical deposition of Pt nanoparticles on carbon
nanotube patterns for glucose detection
Zeng, Zhiyuan; Zhou, Xiaozhu; Huang, Xiao; Wang,
Zhijuan; Yang, Yanli; Zhang, Qichun; Boey, Freddy Yin
Chiang; Zhang, Hua
Zeng, Z., Zhou, X., Huang, X., Wang, Z., Yang, Y.,
Zhang, Q., et al. (2010). Electrochemical deposition of Pt
nanoparticles on carbon nanotube patterns for glucose
detection. Analyst, 135, 1726–1730.

Date

2010

URL

http://hdl.handle.net/10220/8426

Rights

© 2010 The Royal Society of Chemistry. This is the
author created version of a work that has been peer
reviewed and accepted for publication by Analyst, The
Royal Society of Chemistry. It incorporates referee’s
comments but changes resulting from the publishing
process, such as copyediting, structural formatting, may
not be reflected in this document. The published version
is available at: http://dx.doi.org/10.1039/c000316f.

PAPER

www.rsc.org/analyst | Analyst

Electrochemical deposition of Pt nanoparticles on carbon nanotube patterns
for glucose detection†
Zhiyuan Zeng,a Xiaozhu Zhou,a Xiao Huang,a Zhijuan Wang,a Yanli Yang,ab Qichun Zhang,a Freddy Boeyab
and Hua Zhang*ab
Received 8th January 2010, Accepted 7th April 2010
First published as an Advance Article on the web 30th April 2010
DOI: 10.1039/c000316f
Single-walled carbon nanotube (SWCNT) microarrays are successfully patterned on SiO2 substrates
based on an evaporation-induced self-assembly mechanism. On these SWCNT micropatterns, the
highly electroactive polycrystalline Pt nanoparticles (PtNPs) are deposited by using the electrochemical
method. The obtained PtNP-SWCNT nanocomposites exhibit a low detection limit for hydrogen
peroxide (4 mM). The further investigation on a glucose oxidase (GOx)/BSA/PtNP-SWCNT based
biosensor indicates that the detection limit and sensitivity for glucose are 0.04 mM and 4.54 mA mM1
cm2, respectively. Our results prove that the improved electrocatalytic activity originates from the
PtNP-SWCNT micropatterns, which provide a potential platform to immobilize different enzymes
used for bioelectrochemical applications.

Introduction
Single-walled carbon nanotubes (SWCNTs) and their patterns
have attracted increased attention, because of their high electroactive effect, fast electron transfer rate, high chemical
stability, and high surface-to-volume ratios,1–5 as well as many
potential applications in flat panel displays, nanoelectronics,
sensors, and metal catalyst supports.6 Till now, several techniques such as photolithography,7 e-beam lithography,8 softlithography,9,10 dip-pen nanolithography,10a and scratching
methods10b,c have been reported to pattern CNTs on various
substrates. Unfortunately, these patterning processes are
relatively complicated7–9,10a and/or the resultant density of CNT
arrays is usually relatively low.7–10 Therefore, the development of
a simple method for patterning highly dense and spontaneously
aligned CNTs on solid substrates is required.
Although the deposition of metal NPs onto CNTs is difficult
due to the CNT’s inherent properties such as hydrophobic
property,11 small size, high curvature and chemical inertness, the
electrochemical deposition has been proven to be an efficient
method to prepare metal nanostructured materials. The electrochemical behaviors and applications of the deposited noble
metal NPs have been investigated in carbon-based electrodes,
including Au/Pd-SWCNT,12 Pt-MWCNT,13,14 and Pt-CNT/
graphite electrodes.15 Recently, using nafion as a binding agent,
Pt nanoparticles (PtNP)-SWCNT composites have been
successfully used for electrochemical biosensors.16 However, the
use of nafion makes the preparation process tedious and
complicated.
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Herein, we report the electrochemical deposition of PtNPs
onto SWCNT microarrays, which are then used as biosensors for
detection of glucose. The SWCNT microarrays were prepared
based on a simple evaporation-induced self-assembly method.
The advantages of the SWCNT microarrays are that they can not
only provide the possibility for massively parallel analysis,17,18
but also exhibit higher sensitivity, lower detection limit, and
improved signal-to-noise (S/N) ratio.19,20 After the integration of
PtNPs and SWCNT microarrays through the direct electrochemical deposition, the amperometric biosensor was successfully fabricated by deposition of 211 units of glucose oxidase
(GOX) on this electrode. Our results prove that the PtNPSWCNT electrode is a potential platform for immobilization of
different enzymes, which can be used for the bioelectrochemical
applications.

Methods
Materials
SWCNTs (P3) were purchased from Carbon Solutions, Inc. (CA,
USA). Glucose oxidase (GOx, EC 1.1.3.4, from Aspergillus
niger, 211 units/mg), glutaraldehyde (50%), potassium hexacyanoferrate (II) (K4Fe(CN)6, 99.5%), hydrogen peroxide (35%),
bovine serum albumin (BSA), D(+)-glucose (99.5%), potassium
hexachloroplatinate (K2PtCl6), perchloric acid (70%), and
phosphate buffer saline tablets were purchased from Aldrich
(Milwaukee, WI, USA) and used as received. The supporting
electrolyte is 10 mM phosphate buffer (pH ¼ 7.4). All chemicals
are of analytical grade and all the solutions are prepared using
Milli-Q water (18.2 MU cm, Milli-Q System, Millipore, Billerica,
MA, USA).
Instruments
Cyclic voltammetric and amperometric experiments were performed on a CHI 660C electrochemical workstation (CH
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Instrument, Austin, TX, USA) with a conventional three-electrode cell, where the PtNP-modified SWCNT patterns on SiO2,
a Pt wire, and a Ag/AgCl (sat. KCl) electrode were used as
working, counter, and reference electrode, referred to as WE, CE
and RE, respectively. The amperometric experiments were performed in the stirring electrolyte solutions at 25  C. The TEM
images were obtained from a transmission electron microscope
(JEOL JEM-2100, Tokyo, Japan). SEM was performed using
a JEOL JSM-6700 field-emission scanning electron microanalyzer (Tokyo, Japan) at an accelerating voltage of 1.0 and
10.0 keV, respectively.
Fabrication of SWCNT patterns
The fabrication process of SWCNT patterns is shown in Scheme
1. After the cleaned SiO2 substrate was immersed in a beaker containing the purified CNT solution (concentration:
0.004 mg mL1) at a tilting angle of ca. 15 , the beaker was placed
in an oven at 80  C until the solution evaporated to dryness. The
SWCNT patterns on SiO2 were obtained, which were then
annealed in a furnace at 350  C for 3 h under the nitrogen
atmosphere. Finally, a contact Au electrode (2  4.8 mm2, 60 nm
of Au with a 10 nm Cr as an adhesive layer) was coated to cover
one end of the SWCNT line patterns (7  4.8 mm2), see the
electrode in Scheme 1.
Preparation of PtNP-SWCNT nanocomposites
The electrochemical deposition of PtNPs was performed in
a three-electrode cell using the patterned SWCNTs, Ag/AgCl
(sat. KCl), and Pt wire as WE, RE, and CE, respectively. Prior to
use, the patterned SWCNT electrode was thoroughly washed
with ethanol and then water. The deposition of PtNPs on
SWCNT patterns, from a solution containing 2 mM K2PtCl6 and
0.5 M perchloric acid, followed the method described in
a previous report,21 with a deposition potential of 0.4 V (vs. Ag/
AgCl) and time of 30 s.
Fabrication of GOx/BSA/PtNP-SWCNT based sensors
The fabrication process of the GOx/BSA/PtNP-SWCNT based
biosensor is shown in Scheme 2. The enzyme solution was
prepared by mixing 10 mg of glucose oxidase (GOx) and 5 mg of
bovine serum albumin (BSA) in a 1 mL 10 mM phosphate buffer.
3 mL of thus-prepared enzyme solution was dropped on the

Scheme 1 Schematic illustration of SWCNT patterns on SiO2 formed by
the evaporation-induced self-assembly mechanism.
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Scheme 2 Preparation of GOx/BSA/PtNP-SWCNT based glucose
biosensor.

PtNP-SWCNT electrode. After it dried, glutaraldehyde (3.0 mL,
2.5%) was coated on the resulting electrode used for cross-linking
the enzymes. The as-prepared electrode was stored in 10 mM
phosphate buffer (pH 7.4) at 4  C. Amperometry was performed
in a 10 mM phosphate buffer (pH 7.4). The stock solutions of
different concentration of anhydrous D-glucose were prepared in
10 mM phosphate buffer (pH 7.4) and stored at 4  C (mutarotation was allowed for at least 24 h before use).16 The active
surface area of the electrode before and after enzyme immobilization was determined by cyclic voltammetry for a mixed solution containing 20 mM K4Fe(CN)6 and 0.2 M potassium
chloride.

Results and discussion
Formation mechanism of SWCNT patterns
Scheme 1 shows how the SWCNT patterns form on a SiO2
substrate. The formation mechanism can be proposed as follows.
With the evaporation of H2O, i.e. the solvent of SWCNTs, the
contact angle of H2O on the SiO2 substrate decreases, resulting in
the increase of capillary force.22 When the capillary force
increases to a certain value, and cannot hold the adsorbed H2O
layer on SiO2 surface due to the continuous evaporation of H2O,
the adsorbed H2O layer on SiO2 will drastically drop a certain
distance and leave some SWCNT solution on SiO2. The
SWCNTs then self-assemble to form a SWCNT line (Scheme
1B). Large-area SWCNT line patterns can be obtained after the
aforementioned process repeats until H2O is dried. As such, the
substrate plays a critical role in the formation of SWCNT
patterns. Based on our experiment, it was found that only
hydrophilic surface allows the formation of SWCNT patterns.
Note that the relatively high incubation temperature (80  C used
in our experiment) favors the formation of SWCNT patterns.
Characterization of PtNP-SWCNT composites
Fig. 1A shows a large-area SEM image of the self-assembled
SWCNT patterns on SiO2. The inset in Fig. 1A clearly shows that
the as-prepared arrays comprised of densely packed SWCNTs.
The average width of the SWCNT line patterns is ca. 8 mm.
Fig. 1B shows the SEM image of highly dense PtNP-decorated
SWCNT arrays, prepared by the electrochemical deposition
method. A magnified field-emission SEM image, typically
recorded at 10 kV, was used to clearly identify the PtNPs
(Fig. 1C), which were also confirmed by energy dispersive X-ray
analysis (EDS, bottom left inset in Fig. 1C). The measured size of
PtNPs is 75.5  10.3 nm (top right inset in Fig. 1C), which is
consistent with the result obtained by TEM (average diameter
75.5 nm, Fig. 2A). The selected area electron diffraction
pattern (SAED, inset in Fig. 2A) on one PtNP exhibits the
discontinuous diffraction rings. The 3 innermost rings can be
Analyst, 2010, 135, 1726–1730 | 1727

Fig. 2 (A) TEM image of polycrystalline PtNPs. Inset: SAED pattern
on a typical PtNP. (B) HRTEM image of the edge portion of a typical
PtNP.

Fig. 1 SEM images of SWCNT patterns on SiO2 before electrochemical
deposition of PtNPs (A, inset: magnified image, scale bar ¼ 2 mm), and
after electrochemical deposition of PtNPs (B, inset: magnified image,
scale bar ¼ 2 mm). (C) High magnification of PtNPs deposited on
SWCNT patterns, insets: EDS of PtNPs deposited on SWCNT patterns
(bottom left), and size distribution of PtNPs deposited on SWCNT
patterns (top right).

assigned to {111}, {002}, and {011} reflections of fcc Pt.
Therefore, the electrochemical deposited PtNPs are polycrystalline, which are further confirmed by a high resolution
TEM image of the edge portion of one PtNP (Fig. 2B). In one of
the polycrystalline domains, the measured lattice spacings are 2.0
 corresponding to the (002) and (111) planes, respecand 2.3 A,
tively, suggesting that this domain is oriented along the <110>
direction.

Estimation of the electroactive surface area of PtNP-SWCNT
electrodes
Fig. 3 shows the cyclic voltammograms (CVs) of the PtNPSWCNT electrode (a) and the patterned SWCNT electrode (b) in
a 0.2 M KCl solution containing 20 mM [Fe(CN)6]3/4, at a scan
1728 | Analyst, 2010, 135, 1726–1730

Fig. 3 Estimation of electroactive surface area of (a) PtNP-SWCNT and
(b) patterned SWCNT electrodes by cyclic voltammetry in a mixed
solution containing 20 mM [Fe(CN)6]3/4 and 0.2 M KCl at a scan rate of
10 mV s1.

rate of 10 mV s1. The well-defined oxidation and reduction
peaks of the PtNP-SWCNT electrode at + 0.33 and + 0.18 V are
attributed to the forward and reverse scans of Fe3+/Fe2+ redox
couple, respectively. The surface area of the PtNP-SWCNT
electrode can be calculated according to the Randles–Sevcik
equation,16
Ip ¼ 2.69  105 AD1/2n3/2 g

1/2

C

(1)

where n is the number of electrons participating in the reaction
and is equal to 1 here, A denotes the area of the electrode (cm2), D
is the diffusion coefficient of the molecule in solution (6.70 
106 cm2 s1),16 C is the concentration of the probe molecule in
This journal is ª The Royal Society of Chemistry 2010

the solution, and g is the scan rate (V s1). The electroactive
surface area has a linear function with the peak current of the
redox couple. The calculated average values of the electroactive
surface area were 3.82  102 and 1.77  102 cm2 for the PtNPSWCNT and patterned SWCNT electrode, respectively. Clearly,
the PtNP-SWCNT electrode has a much higher electroactive
surface area than the patterned SWCNT electrode, due to the
decoration of highly catalytic PtNPs.
Detection of hydrogen peroxide using PtNP-SWCNT electrode
Fig. 4 presents a typical current-time curve of PtNP-SWCNT
electrode with successive additions of H2O2 at + 0.55 V. A quick
response can be observed at the electrode with a steady-state
current to be reached within 3 s after addition of H2O2. The
PtNP-SWCNT electrode can detect the H2O2 concentration as
low as 4 mM with a sensitivity of 0.11 A M1 cm2. The H2O2
detection with PtNP-SWCNT electrode typically exhibits a linear
range from 4 mM to 0.84 mM (R2 ¼ 0.9920). The detection limit
is lower than that using mesoporous Pt electrode (4.5 mM)23 and
SWCNT pattern electrode (15 mM, as shown in Figure S1†). This
low detection limit, benefiting from the porous and polycrystalline PtNPs through the direct electrochemical deposition,
is due to an increase in the ratio of surface atoms with free
valances to the total atoms of PtNPs.12,16,24 Moreover, the
patterned SWCNT arrays can also improve the detection
limit.19,20
Detection of glucose using GOx/BSA/PtNP-SWCNT electrode
Fig. 5 shows a typical current-time curve of the GOx modified
PtNP-SWCNT electrode upon the successive addition of glucose
at + 0.55 V. In the plot, the response current increases with the
concentration of glucose, and finally reaches a steady state. The
response time of the enzyme towards glucose is less than 20 s
when a steady state current is reached. The GOx/BSA/PtNPSWCNT electrode exhibits linearity with the glucose concentration from 0.04 to 0.87 mM. The linear range is wider than that
in Pt-MWCNT14 and Pt-CNT/graphite electrodes.15 The sensitivity and detection limit of GOx/BSA/PtNP-SWCNT electrodes

Fig. 4 Performance of PtNP-SWCNT electrode in amperometric
detection of H2O2 at +0.55 V vs. Ag/AgCl (sat. KCl). Inset: a detection
limit of 4 mM with S/N ¼ 3 (top), and the calibration curve at H2O2
concentration between 4 mM and 0.84 mM (bottom).
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Fig. 5 Amperometric response of GOx/BSA/PtNP-SWCNT electrode
upon successive additions of glucose solution in a 10 mM phosphate
buffer (pH 7.4) at + 0.55 V vs. Ag/AgCl (sat. KCl) at 25  C. Inset:
detection limit of 0.04 mM (left), and the calibration curve at glucose
concentration between 0.04 and 0.87 mM (right).

are 4.54 A mM1 cm2 (R2 ¼ 0.9988) and 0.04 mM, respectively.
The detection limit shown here is lower than the GOx/BSA/
SWCNT electrode (0.08 mM, as shown in Figure S2†). On the
other hand, the GOx/BSA/SWCNT electrode shows almost no
response to the addition of the high concentration glucose, if
there is no redox mediator (such as p-benzoquinone). As a result,
the hybridization of PtNPs with SWCNT patterns not only
increases the electroactive surface of the electrode, but also
enhances the catalytic property of the electrode. Therefore, the
operating potential decreases and the current signal when adding
glucose is obtained without the addition of a redox mediator.
The detection limit of the GOx/BSA/PtNP-SWCNT electrode
used here is lower than that of other comparable CNT materials
(0.05 mM),25 CNT nanoelectrode ensembles (0.08 mM),20
Nafion/GOx/PtNP/CNT/Graphite (0.1 mM),26 and Pt-MWCNT
(0.4 mM).13 Also, the sensitivity of our PtNP-SWCNT electrode
is much better than that of CNT (0.27 A mM1 cm2) and PtCNT paste (0.98 A mM1 cm2) based biosensors.27 Such a lower
detection limit and high sensitivity originate from the integration
of PtNPs and SWCNT patterns. Our results prove that PtNPs
are promising candidates for glucose sensing, since they can act
as electrocatalysts in the oxidation/reduction of H2O2,16 and
facilitate the direct electron transfer between the enzyme and the
electrode surface.
The apparent Michaelis–Menten constant (kmapp), an indication of the enzyme-substrate kinetics28 in the glucose biosensor,
can be calculated from the Lineweaver-Bulk equation,29 as
shown in eqn (2):

 app   
1
Km
1
1
þ
(2)
¼
is
C
imax
imax
where is is the steady-state current, C is the concentration of
glucose, kmapp is the apparent Michaelis–Menten constant, and
imax is the maximum current. From eqn (2), the km and imax are
estimated to be 0.68 mM and 27.87 mA cm2, respectively. Since
the smaller km means the higher enzymatic activity of the
immobilized GOx, and a higher glucose-affinity in the electrode,30 our PtNP-SWCNT electrode shows a better result than
the Pt-MWCNT electrode (11.02 mM).14
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Conclusions
In summary, a simple and effective method based on the evaporation-induced self-assembly mechanism is used to pattern the
dense SWCNT arrays on SiO2 substrates. The as-prepared
SWCNT patterns can be used as electrodes for electrochemical
deposition of the electroactive and polycrystalline Pt nanoparticles (PtNPs). The resulting PtNP-SWCNT electrode
exhibits a lower detection limit (4 mM) towards hydrogen
peroxide, which renders it a good platform for the oxidase-based
biosensing. Furthermore, a new biosensor based on the GOx/
BSA/PtNP-SWCNT electrode shows good glucose detection
capability, with the detection limit of 0.04 mM and a sensitivity
of 4.54 mA mM1 cm2. Our results clearly show that this type of
sensor holds many advantages at low applied potentials, such as
the high sensitivity, low detection limit, high reproducibility, and
fast current response.
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