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Carboxylated single-walled carbon nanotubes (SWCNT) chemically assembled on gold substrate was employed
as netlike electrode to investigate the charge-transfer process and electrode process kinetics using uric acid
as an example. The electrochemical behavior of uric acid in carboxylated SWCNT system was investigated
using cyclic voltammetry, chronoamperometry, and single potential time-based techniques. The properties of
raw SWCNT electrode were also studied for comparison purpose. Uric acid has better electrochemical behavior
whereas ascorbic acid has no effective reaction on the carboxylated SWCNT electrode. Cyclic voltammograms
indicate that the assembled carboxylated SWCNT increases more active sites on electrode surface and slows
down the electron transfer between the gold electrode and uric acid in solution. The charge-transfer coefficient
(R) for uric acid and the rate constant (k) for the catalytic reaction were calculated as 0.52 and 0.43 s-1,
respectively. The diffusion coefficient of 0.5 mM uric acid was 7.5 × 10-6 cm2‚s-1. The results indicate that
electrode process in the carboxylated SWCNT electrode system is governed by the surface adsorption-controlled
electrochemical process.

1. Introduction
Uric acid is a very important biomolecule owing to its
abnormal levels, which are the symptoms of several diseases
such as gout, hyperuricaemia, and Lesch-Nyhan syndrome.
Various methods have been reported for its determination, such
as chemiluminescence,1 chromatogram,2 spectrofluorometric,3
enzymatic system,4 and so forth. The electrochemical techniques
for detection of uric acid and ascorbic acid (main interferent)
have received considerable interest in recent years because of
their higher selectivity and rapid detection. Most of the attention
has been focused on electrode surface modification by utilizing
the materials including carbon materials,5 biomolecule materials,6 polymers,7 organic matters,8 and others.9 Single-walled
carbon nanotube (SWCNT) has recently been used in nanodevices and sensors10 because of its unique structural, mechanical,
and electronic properties.11 Layer-by-layer assembly technique
is an approach based on the alternating adsorption of materials
containing complementary charged or functional groups to form
integrated ultrathin films.12 This method provides a powerful
tool for nano- and microscale assembly of devices and novel
material systems.13 However, few reports are available on
chemically assembled netlike carboxylated SWCNT for investigating the charge-transfer process and electrode process
kinetics using uric acid as an example. Recently, Wei et al.5c
reported that they prepared an SWCNT-modified gold electrode
via physical adsorption for uric acid analysis. On the basis of
our previous reports,14,15 we prepare a carboxylated SWCNT
netlike electrode using chemical assembly techniques for uric
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acid determination and investigate the charge-transfer process
and electrode process kinetics in SWCNT electrode system. We
found that the electrochemical behavior was different from that
in SWCNT electrode system prepared using physical adsorption.
The electrochemical behavior of uric acid was investigated by
cyclic voltammetry, chronoamperometry, and single potential
time-based techniques. The charge-transfer coefficient (R) for
uric acid, the rate constant (k) for the catalytic reaction, and
the diffusion coefficient of uric acid were calculated to analyze
the electrode process.
2. Experimental Section
Reagents. Uric acid, ascorbic acid, and 11-amino-1-undecanethiol, hydrochloride were purchased from Sigma-Aldrich.
The 11-amino-1-undecanethiol, hydrochloride solution was
prepared by dissolving it in ethanol, and concentration was
adjusted to 2 mM. SWCNT (1-10 nm in diameter, 5-20 µm
in length) was obtained from Iljin Nanotech Co.,Ltd. (Korea).
Other reagents were commercially available and were of
analytical grade. Double deionized water (DDW) was used in
all measurements. A phosphate-buffered saline solution (PBS,
pH 7.4) was prepared by dissolving 1.6 g KCl, 64 g NaCl, 1.92
g KH2PO4, and 11.52 g K2HPO4 in 800 mL of DDW. Au and
Ag/AgCl (saturated KCl solution) electrodes were purchased
from CH Instruments, Inc. (United States) and Pt wire electrode
was obtained from Bioelectrical System, Inc. (United States).
SAM (Self-Assembly Monolayer) Formation. Prior to
assembling, the Au electrode was cleaned electrochemically by
cycling it in 0.05 M H2SO4 solution between -500 mV and
+1200 mV (versus Ag/AgCl) with a scan rate of 150 mV‚s-1
until a reproducible cyclic voltammogram was achieved (typically 40 cycles) and then was rinsed thoroughly with DDW and
was dried in a stream of high-purity N2. 11-Amino-1-unde-
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canethiol, hydrochloride solution was dropped onto the active
area of the Au electrode five times, followed by exhaustive
washing using ethanol and DDW 6 h later and then was dried
at room temperature. Typically a 20-µL aliquot of 11-amino1-undecanethiol, hydrochloride solution would form the needed
monolayer on Au surface.
Preparation of Carboxylated SWCNT Netlike Electrode.
Two milligrams raw SWCNT was chemically shortened by
oxidation in a 10-mL mixture of concentrated sulfuric and nitric
acids (3:1, 98% and 70%, respectively16), and this mixture was
subjected to sonication for 8 h at 40 °C in the water bath. This
procedure introduces carboxylic acid functionalities and defects
at the ends of the nanotubes as well as some carboxylic acid
units at the sidewalls.17 The shortened SWCNT was then
collected first by filtering using 0.1-µm nitrocellulose membranes (Advantec MFS, Inc. Dublin, CA) and was washed until
neutral pH was achieved before dispersing in 10 mL of ethanol.
The ethanol was selected as solvent here because the filter
membrane can be dissolved in acetone. After ethanol volatilizing
completely, the shortened SWCNT was redispersed in acetone
and, hence, we found the as-studied pipes can be well-solubilized
by using a short 30-min sonication. The SWCNT netlike
structure on Au surface was formed by depositing droplets of
shortened SWCNTs dispersed in acetone onto an 11-amino-1undecanethiol, hydrochloride modified gold surface. First,
SWCNTs were assembled on the Au surface easily because of
the condensation reaction between the -COOH and -NH2 to
form an interdigitated thin layer which is different from
multilayer in the thickness. This step is different from physical
adsorption, as evidenced by the stability of the layers when
ultrasonicated. Then, with increasing SWCNT concentration or
deposition cycles, many SWCNTs were sequentially adsorbed
onto the Au surface to form interdigitated multilayer because
of electrostatic and van der Waals interactions. In the experiment, deposition cycle is defined as the process performed from
dropping the first SWCNT solution to the second one. The raw
SWCNT electrode was also prepared by using original SWCNT
(i.e., without mixture acid pretreating) for comparison purpose.
Scanning Electron Microscope (SEM) and Electrochemical Measurements. All of the SEM images were obtained with
Philips XL 30 AFEG scanning electron microscope (Eindhoven,
The Netherlands). Cyclic voltammetry (CV) measurements were
performed on a BAS 100W electrochemical analyzer (Bioanalytical Systems, Inc., United States). All CV experiments were
carried out in PBS solution in a conventional three-electrode
cell at room temperature. Ag/AgCl and Pt wire were employed
as reference and counter electrode, respectively.
3. Results and Discussion
Morphological Characterization. Figure 1a depicts the
method to assemble the carboxylated SWCNT multilayer on a
Au electrode and the diagram of processes that can occur at
the modified electrode. The netlike SWCNT is based on films
thicker than the monolayers, therefore, the typical charge transfer
can be considered to include the following steps: (1) heterogeneous electron transfer to SWCNTs; (2) electron transfers
within SWCNT; (3) electron transfers from SWCNT to uric
acid; (4) penetration of uric acid into the film; (5) movement
of uric acid through a pinhole or channel in the film to the Au
substrate, where it can be oxidized; and (6) electron transfers
from defect sites in tube sides and ends to uric acid. The raw
SWCNTs were purified and cut by using a mixture of
concentrated sulfuric and nitric acids to yield CNTs with an
average length of about 0.5-1.5 µm. Typical atomic force
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Figure 1. (a) The assembly of the carboxylated SWCNT netlike system
on a Au electrode and processes and charge transport in the system.
(1) Heterogeneous electron transfer to SWCNTs; (2) electron transfers
within SWCNT; (3) electron transfers from SWCNT to uric acid; (4)
penetration of uric acid into the film; (5) movement of uric acid through
a pinhole or channel in the film to the Au substrate, where it can be
oxidized; (6) electron transfers from defect sites in tube sides and ends
to uric acid. (b) Typical AFM image of shortened SWCNTs (after
sonication for 8 h at 40 °C); some are aggregates of several tubes in
van der Waals contact.

microscopy (AFM) image (Figure 1b) indicates that the
morphology of the SWCNT bundles changed from that of highly
entangled strands (Figure 2d) to flexible rodlike ones which
were thoroughly dispersed in acetone and existed in shortened
tube bundles after etching. Taking AFM tip broadening into
account, some of those apparent individual tubes are actually
the aggregates of several tubes in van der Waals contact.16 The
FT-IR spectrum (data not shown) strongly suggests that the
carbon nanotubes are terminated with carboxylic acid groups
(-COOH, IR stretching vibration frequency υCdO ) 1638 cm-1)
and carboxylate groups (-COO-, υCdO ) 1530 cm-1) after
oxidation treatment.
Figure 2a and 2b presents that carboxylated SWCNTs were
assembled on the gold surface by controlling the deposition
cycles of SWCNT. It is found that SWCNTs were chemisorbed
onto the gold surface to form uniform an interdigitated multilayer via Au-S covalent bond, -NH-CO- covalent bond, and
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Figure 2. Typical SEM images of SWCNT electrode surface with different magnification at the given concentration of 2 mg‚L-1 (a, c: 10 000×,
b, d: 100 000×). Images a and b corresponding to carboxylated SWCNT after cutting by an acid mixture; images c and d show the raw SWCNT
before cutting. Ten deposition cycles for images a and b; two cycles for images c and d.

electrostatic and van der Waals interactions between the carbon
nanotubes. Figure 2c and 2d shows the surface properties of
raw SWCNT modified gold electrode via physical adsorption.
In the figure, raw SWCNT can also form a netlike structure on
gold surface. Then, there rises an important question: How
about their electrochemical behavior in uric acid that they can
all form net structure on gold surface? The experimental results
demonstrate that the electrochemical behavior of carboxylated
SWCNT net electrode is much better that that of raw SWCNT
electrode, as will be considered in more detail in the following
section.
Cyclic Voltammogram Behavior of Uric Acid. Figure 3
indicates the comparison of bare gold, 11-amino-1-undecanethiol
monolayer assembled Au electrode, raw SWCNT, and carboxylated SWCNT netlike electrode in uric acid/PBS solution at scan
rate of 100 mV‚s-1. First, no current peak for uric acid can be
observed at bare gold electrode, suggesting that it is hard for
uric acid to accumulate at gold electrode surface or that the
electrochemical reaction is very slow. However, after assembling
11-amino-1-undecanethiol monolayer, electron transfer between
metal substrate and analyte in solution is almost totally hindered
by the monolayer, which is in agreement with the previous
report.17b Subsequently, the electrochemical behavior of chemically assembled SWCNT electrode can be explained by
considering electrode electron tunneling process across the
monolayer.17b Second, at the raw SWCNT electrode, we can
observe a residual current (Figure 3b) which is composed of a
current because of double-layer charging and a current caused
by low-level oxidation of components in the system. This is
explained by considering that the raw SWCNT contains trace
impurities such as heavy metals and the raw SWCNT electrode
undergoes slow and potential-dependent Faradaic reactions.18
Finally, at the carboxylated SWCNT electrode, a sensitive
anodic peak occurs at about 370 mV. It can be inferred that
uric acid can effectively accumulate at the carboxylated SWCNT
surface and its electrochemical oxidation was promoted. This
is because the as-studied carboxylated SWCNT electrode has a
highly permeable “net” structure. On the other hand, the acid

Figure 3. (a) Potential window of bare gold, 11-amino-1-undecanethiol
monolayer assembled Au electrode, raw SWCNT, and carboxylated
SWCNT electrode in 5 µM uric acid/PBS solution at scan rate of 100
mV‚s-1; (b) residual current curve for 5 µM uric acid at raw SWCNT
electrode.

treatment creates more oxide defects on the tube sidewalls and
ends which can be involved in the redox reaction and makes
the SWCNT more hydrophilic so that the sample can contact
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Figure 5. Cyclic voltammograms of carboxylated SWCNT electrode
in 10 µM uric acid at different scan rates, from inside to outside: 90,
100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 220, 250, and
280 mV‚s-1, respectively.

SCHEME 1: Electrochemical Oxidation Reaction of
Uric Acid

Figure 4. Cyclic voltammograms of uric acid/PBS under different
concentrations obtained with carboxylated SWCNT electrode (a) and
raw SWCNT electrode (b). Scan rate of 100 mV‚s-1, pH 7.4.

the surface better.19 Also, the voltammetric peak at the carboxylated SWCNT electrode is broad, suggesting slow electron
transfer kinetics, presumably because of the macroscopical
planelike structure. At the same time, the current separation
between the forward and backward scans becomes greater than
that of raw SWCNT. This agrees with the large capacitance
feature reported before,20 that is, the capacitance is calculated
from the cyclic voltammogram curves, with C ) i/V, where i is
the current and V is the scan rate (V/s). At the potential of -0.03
V, for example, the effective capacitance is about 1 time larger
than that of raw SWCNT and over 10 times larger than that of
the bare gold electrode. This high capacitance is consistent with
the large surface area of the net carboxylated SWCNT.20a
We further measured the cyclic voltammograms of uric acid/
PBS under different concentrations at scan rate of 100 mV‚s-1
obtained with carboxylated SWCNT electrode, as shown in
Figure 4a. Obviously, the anodic current (ipa) increases gradually
with increasing concentration of uric acid while the anodic peak
potential shows a positive shift from 365 mV to 425 mV. Similar
behavior can be observed under different scan rates. In
comparison, at the raw SWCNT electrode, no obvious anodic
current or cathodic current peak can be observed even for the
increment of concentration up to 0.1 mM (Figure 4b) demonstrating that no obvious electrochemical reaction occurs in the
raw SWCNT electrode system. This suggests that the electrochemical activity of carboxylated SWCNT is better than that
of raw SWCNT even though both have net structure. As seen
from Figure 4a, we cannot observe any cathodic peak which
means that uric acid can be irreversibly electrochemically
oxidized in aqueous solution. The proposed reaction mechanism

is shown in Scheme 1 by considering the earlier studies.15c
Figure 5 shows the cyclic voltammograms of the carboxylated
SWCNT electrode in uric acid/PBS at various scan rates. It is
found that the anodic peak potential shifts positively from 360
mV to 388 mV for different scan rates. This is most probably
due to the electrocatalytic and kinetic effect of carboxylated
SWCNT netlike surface on the oxidation uric acid. The
carboxylated SWCNT increases more active sites on electrode
surface and slows down the electron transfer from the gold to
uric acid in solution. Fitting the peak height for the anodic
potential (data not shown), Epa was found to be a linear function
of log V at scan rates from 90 to 280 mV‚s-1, which the linear
regression equation is Epa ) 252.7 + 56.8 log V (Epa: mV, V:
mV‚s-1, r ) 0.995). The electron-transfer coefficient R can be
easily calculated to be 0.52 by using Laviron’s equations:21
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n, F, V, R, and T have their usual significance. ks can be
calculated with the help of the following equation as 0.43 s-1
which is in agreement with the range of values of most previous
reports.21b,22

log ks ) R log(1 - R) + (1 - R)log R log

RT R(1 - R)nF∆Ep
nFV
2.303RT

By considering the cyclic voltammogram behavior of uric
acid, we know that there is an anodic peak at about 365 mV,
so the anodic current (ipa) at potential of 365 mV is selected to
represent the baselines plotted versus the scan rate (V) in Figure
6a. Clearly, it is linearly proportional to the scan rate, and the
regression equation is ipa ) 0.702 + 0.029V, r ) 0.998 (ipa:
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Figure 7. Real-time detection of the current for carboxylated SWCNT
net electrode in uric acid solution for concentrations from 2.5 to 17.5
µM (each addition: 2.5 µM); the applied potential was 365 mV. The
inset shows plot of the current versus concentration; the black square
points are experimental data, and the line is linearly fit to these data.

amperometry was also employed for the inverstigation of
electrode processes at chemically assembled SWCNT electrode.
For an electroactive material with diffusion coefficient D, the
current corresponding to the electrochemical reaction is described by Cottrell’s equation25

I(t) ) nFAC*(D/πt)1/2

Figure 6. (a) Anodic current (ipa) of the cyclic voltammograms at 365
mV obtained with carboxylated SWCNT electrode vs the scan rate;
(b) anodic peak height vs the square root of the scan rate.

µA, V: mV‚s-1), indicating that the adsorbed uric acid on
carboxylated SWCNT shows a reversible and surface-confined
electrochemical process. We also fit the peak heights for the
anodic currents (ipa), as shown in Figure 6b. The ipa is found to
be a linear function of the square root of the scan rate from 90
to 280 mV‚S-1, which is similar to a solid macroelectrode rather
than nanoelectrode ensembles. This is likely because the
carboxylated SWCNT netlike electrode has a very high packing
density with average pore size of hundreds of nm, which is much
smaller than the diffusion layer thickness (jmax ∼ (Dt)1/2, D:
diffusion coefficient, t: time, normally over micrometers).23 The
diffusion layers originating at individual nanotube or bundles
are heavily overlapped. Accordingly, the voltammetric response
to uric acid will no longer resemble that of individual microelectrodes but rather will display characteristics similar to a
macroelectrode cyclic voltammetry.24 Therefore, we suggest that
electrode process in the carboxylated SWCNT netlike electrode
system is determined by the surface adsorption-controlled
electrochemical process.
Real-Time Behavior of Uric Acid. Figure 7 shows the
measurement of current as a function of time and solution
concentration at carboxylated SWCNT net electrode. It is
obvious that the current increases stepwise with discrete changes
in concentration of uric acid from 2.5 to 17.5 µM and that the
current is constant for a given concentration. The response is
very fast in reaching a dynamic equilibrium upon each addition
of the sample solution, and a steady-state current signal was
generated within several seconds. The changes in current are
also reversible for increasing or decreasing uric acid concentration. A typical plot of the peak current versus concentration
(the inset in Figure 7) shows that this concentration dependence
is linear between the range of 2.5 and 17.5 µM. The chrono-

where D and C* are the diffusion coefficient (cm2‚s-1) and the
bulk concentration (mol‚cm-3), respectively. The diffusion
coefficient is calculated from the slope of the plot of I versus
t-1/2 to give 7.5 × 10-6 cm2‚s-1 (0.5 mM uric acid) which agrees
reasonably with other previous reports.5e, 22b
Cyclic Voltammogram Behavior of Uric Acid and Ascorbic Acid Mixture. In many previous reports, the oxidation peak
of the mixture of uric acid and ascorbic acid was successfully
separated at modified electrodes,5-9 that is, the two acids can
be oxidized at different potentials whereas the locations of
oxidation potential for the mixture are the same as those for
single uric acid or ascorbic acid. However, this is not the case
for carboxylated SWCNT netlike electrode used in our study.
Figure 8 shows the electrochemical behavior of uric acid and
ascorbic acid in the mixture when the concentration of one
species changed, whereas the other one is kept constant. First,
no oxidation peak of ascorbic acid can be observed at carboxylated SWCNT electrode. This indicates that ascorbic acid cannot
effectively accumulate at SWCNT surface and has no electrochemical activity, even though increasing its concentration.
Second, neither of the two oxidation peaks can be observed for
uric acid and ascorbic acid mixture at carboxylated SWCNT
electrode. This case is very different from the previous findings
of Wei et al.5c which can be explained by considering that the
chemical and electrochemical properties of the SWCNT are
strongly dependent on the postgrowth processing procedures
and acid treatment procedures.24 In Figure 8a, adding the
ascorbic acid to 40 µM uric acid in discrete mode, we only
find one anodic peak which is the same as that for single uric
acid. For confirmation, we studied the case through trial-anderror method, and we observed that there is still one anodic
peak. Meanwhile, the cyclic voltammograms of the mixture are
similar to those of single uric acid at different concentrations.
In Figure 8b, keeping the ascorbic acid concentration constant,
the anodic peak current appears even with the addition of trace
uric acid such as 5 µM. Moreover, the electrochemical behavior
is similar to that of single uric acid. The exact mechanism is
not clear at present, but we believe that adding ascorbic acid
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Figure 8. Cyclic voltammograms for the mixture of uric acid and
ascorbic acid with different concentrations in PBS buffer at the
carboxylated SWCNT electrode. (a) Uric acid (40 µM) and ascorbic
acid (a-f: 0, 50, 100, 150, 200, 250 µM); (b) ascorbic acid (40 µM)
and uric acid (a-f: 0, 5, 10, 15, 20, 25 µM).

may make uric acid accumulate on carboxylated SWCNT
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electrode has a perfect electrochemical activity with uric acid
whereas ascorbic acid has no obvious effect on the determination
of uric acid.
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