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A rapid and highly sensitive miniaturized sensor for differential pulse voltammetric (DPV) and amperometric

based on carbon fiber electrode modified by poly (3, 4-

ethylenedioxythiophene) was presented. This low-cost diphenol microsensor was constructed by several simple steps and

displayed excellent electrochemical activity toward the oxidation of hydroquinone and catechol in 0.1 M phosphate buffer

solution (pH 7.0). Furthermore, the microsensor had the virtue of good stability and high sensitivity. Under the optimal

working conditions, linear relationships between the amperometric current response and the concentration of substrates
were obtained in the ranges of 5.3x107 M to 8.6x10™ M for hydroquinone and 5.2x107 M to 4.9x10° M for catechol, with
the detection limits (S/N = 3) of 4.2x107 M and 1.6x10° M, respectively. The proposed microsensor was applied on the

determination of the mixture of hydroquinone and catechol, and satisfying results were obtained.

1. Introduction

Catechol (1, 2-dihydroxybenze, CC) and hydroquinone (1, 4-
dihydroxybenze, HQ) are two significant isomers of
dihydroxybenzene, they are produced as contaminants in
many industrial processes, such as tanning, cosmetics, dying
and in the chemical and pharmaceutical industries." Because
HQ may cause fatigue, headache, kidney damage and CC may
cause liver function det:rease,2 the accurate determination of
HQ and CC is needed urgently. So far, a great deal of methods
have been established for their determination, including
synchronous ﬂuorescence,3 chemiluminescence,4
spectrophotometry,5 pH based-flow injection analysis,6 solid-
phase extraction,7 pulse radiolysis8 and high performance
liquid chromatography.g’ 10 However, most of these methods
have disadvantages such as time consuming, high cost, low
sensitivity and complicated pretreatment. In recent years,
electrochemical detection of HQ and CC has gained increasing
attention for its high catalytic ability, good stability and broad
potential window.™ * A number of new materials used to
modify the electrodes for simultaneous determination of HQ
and CC have been developed, including carbon nanotubes,B’ 1
electrospun carbon nanofiber,*® mesoporous Pt,12 mesoporous
t:arbon,16 graphene,”"19 etc.. However, it is still a challenge to
explore novel electrode materials for the determination of HQ
and CC with wider linear range and higher sensitivity.

Recently, microsensors have been developed rapidly in
analysis fields and showed outstanding performance. Although
having small surface area and faint signal, it provides high
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signal-to-noise ratio and short response time in case of a small
amount of sample.zo’21 The electrode miniaturized enough to
match with the small space in biological microenvironments,
such as single cell or certain locations in tissues appears to
have great advantages over other electrodes with ordinary
size.? Many applications have been developed on
microsensor, such as pH measurement,23 detection of nitric
oxide,24 glucose,25 ascorbic acid,26 dopamine,27 etc.. Carbon
fiber is one of the most promising candidate materials for
microsensor due to its tiny size, sensitivity and selectivity.28
Carbon fiber electrode (CFE) was invented in the late 1970s by
Francois Gonon and his coIIeagues,29 and modified CFE has
been utilized in various cases.>®*?

Conducting polymers (CPs) have been studied most
intensively due to its easy synthesis, high conductivity,
environmental stability and unique electrochemical redox
properties.33 The various excellent electronic properties of CPs
result from the various types of charge carriers in these
materials, which are entirely different from that of
conventional semiconductors. Cps, such as polyacetylene (PA),
polyaniline (PANI), polyfuran (PF), polypyrrole (PPy), poly (p-
phenylenevinylene) (PPV), poly (3, 4-ethylenedioxythiophene)
(PEDOT), polyvinylidene fluoride (PVDF) and other
polythiophene (PTh) derivatives, can be used as thin film
transistors,34 polymer light emitting diodes (LEDs),35 corrosion
resistance materials,36 electromagnetic shielding,37 sensor
technology,38 molecular electronics,39 supercapacitors,40 and
electrochromic devices.*! Polymer modified electrodes can be
designed through polymer screening to provide tremendous
improvements of the electrode response to detect a variety of
analytes.42 Their lower cost, mass production, better
mechanical stability, easier surface functionalization and more
edge sites on the outer wall compared with traditional
electrodes make them possess outstanding advantages.

In this work, an electrochemical microsensor was
constructed based on carbon fiber modified by poly (3, 4-
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ethylenedioxythiophene) (PEDOT), and wused for the
amperometric determination of diphenol materials (HQ and
CC). The PEDOT modified CFE exhibited excellent
electrocatalytic activity towards the oxidation of HQ and CC,
and satisfying amperometric response for microscale analysis
of the above substrates.

2. Experimental

2.1 Reagents

Carbon fiber (T300, 12K) was purchased from Toray Chemical
Industry, Tokyo, Japan. A 3, 4-ethylenedioxythiophene (EDOT)
was obtained from XZL Bio-Technology Co., Ltd. Hydroquinone,
catechol and LiCIO, were purchased from Guangfu Fine
Chemical Research Institute. Conductive silver glue was
purchased from Dongguan Yihui Adhesive co., Ltd. Acetonitrile
and acetone were taken from Tianjin Kemiou Chemical
Reagent Co., Ltd and Tianjin Fengchuan Chemical Reagent
Technologies Co., Ltd, respectively. All other chemicals were of
analytical grade and used without further purification.

2.2 Instrumentation

Electrochemical measurements were carried out with LK2006A
electrochemical workstation (Tianjin Lanlike Chemical and
Electron High Technology Co., Ltd.). A field emission scanning
electron microscopy (FE-SEM, S4800, Hitachi) was used to
characterize the PEDOT modified CFEs.

2.3 Preparation of the working electrodes

The carbon fiber was initially cleaned by sonicating in acetone,
alcohol and doubly distilled water separately each for 2 min
and cut into a desired length, then the carbon fiber was
connected to a copper wire for conductance by silver glue.
After a period of drying, the copper wire together with carbon
fiber were inserted through a capillary and sealed with epoxy
glue, followed by drying completely at room temperature, and
used as carbon fiber electrode (CFE). The schematic diagram of
the prepared CFE was shown in Scheme 1.

2.4 Preparation of the PEDOT modified CFE

The tip of CFE was firstly cut at the length of 1 mm, followed
by scanning over the potential range of + 0.0 V to + 1.7 V (vs.
Ag/AgCl) in 0.5 M H,SO, solution for about 25 min until stable
voltammograms were obtained. A potentiostatic method was
used to deposit PEDOT films onto CFE, which was performed
by applying a potential at + 1.4 V for appropriate time at 0.01
M EDOT acetonitrile solution containing 0.1 M lithium
perchlorate (LiClO,). After electropolymerization, the PEDOT
modified CFE was washed with ethanol and deionized water
and then dried by N,.

2.5 Electrochemical measurement

A three-electrode electrochemical cell was used in the
voltammetric and amperometric experiments. Electrochemical
behaviors of bare and PEDOT modified CFE were investigated
by cyclic voltammetry in the potential range between - 0.2 V
and + 0.6 V vs. Ag/AgCl at a scan rate of 100 mVs ' in 0.1 M
PBS. The applied potential was set at + 0.13 V and + 0.25 V for
the amperometric determination of HQ and CC, and DPV was
set -100 to +500 mV at 20mV pulse amplitude with 0.1 s and
0.2 s pulse width and pulse period, respectively.

2| J. Name., 2012, 00, 1-3
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Scheme 1 Schematic diagram (A) and real picture (B) of CFE.
Insert: Partial magnified picture of CFE.

3. Results and discussion

3.1 Characterization of PEDOT modified CFE

Bare carbon fiber (¥6um) coated with PEDOT and magnified
images were observed on FE-SEM, as shown in Fig. 1. The
surface of the polymer coating was rough and its thickness
varied spatially along the fiber (Fig.1A). Porous structure® was
also observed on the detail with enlarged scale (Fig.1B), which
indicated that PEDOT has been successfully polymerized on
the carbon fiber. Furthermore, the increased superficial area
can facilitate both electron and mass transfer process of the
substrates.

The electrochemical behavior of PEDOT modified CFE was further
characterized by electrochemical impedance spectroscopy (EIS). A
typical shape of a Faradic impedance spectrum includes a semicircle
region (at higher frequencies) and a straight line portion (at lower
frequencies). The semicircle portion corresponds to the charge-
transfer limited process, and the linear portion represents the
diffusion-limited process. The semicircle diameter in the impedance
spectrum equates to the electron transfer resistance, Ret, at the
electrode surface. The experimental Faradaic impedance spectra

were fitted using a general Randles electronic equivalent circuit (Fig.

2c), which is used to model interfacial phenomena,44 including the
ohmic resistance of the electrolyte solution, Rs, the Warburg
impedance, Zw, the double layer capacitance, Cdl and the
electron transfer resistance, Ret.

Impedance spectrum of PEDOT modified CFE compared with
bare CFE in solution containing 2.5 mM [Fe(CN)6]3_/[Fe(CN)5]4_
was shown in Fig. 2. For bare CFE, the value of electron

2.00um

Fig. 1 FE-SEM images of bare and PEDOT-modified CFE (A) and detail
with enlarged scale of modified CFE (B).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Nyquist plots obtained from bare CFE (®) and PEDOT modified
CFE (A)in 2.5 mM [Fe (CN)4 1 7/[Fe (CN)¢ ] * solution.

transfer resistance (Ret) is about 5 MQ (Fig. 2, curve b), after
modifying PEDOT, the Ret value decreased to 5140 Q (Fig. 2,
curve a), and the result was very similar to P. Salazar’s work.>!
It demonstrated that the conductivity of PEDOT modified CFE
was greatly enhanced under the help of the PEDOT film.

3.2 Electrochemical properties of HQ and CC on bare CFE and
PEDOT modified CFE

The electrochemical behavior of HQ and CC on bare and
PEDOT modified CFE was studied by cyclic voltammetry. Fig. 3
displayed the cyclic voltammograms of bare and modified CFE
(electropolymerization time 10 s) in PBS (pH 7.0) containing
HQ and CC. A weak and broad oxidation peak around + 0.25 V
was found in Fig. 3, curve a, which resulting from the
overlapped oxidation peaks of both HQ and CC. By contrast,
two pairs of clear redox peaks (at potentials of + 0.13 V and +
0.25 V) with much larger current response were observed on
PEDOT modified CFE, shown in Fig. 3, curve b. The ratio of
current density between bare and modified electrode could be
calculated based on the response current and their geometry
area. For example, the response current (HQ fixed at 100 uM)
of bare and modified electrode was 0.02426 pA and 1.544 pA
with the geometry area of 0.01884 mm® and 0.0408 mmz,
respectively. So the ratio value was 29.38, this means that the
current density of modified CFE increased almost 30 times
compared with the bare one. This is the good conductivity,
excellent catalytic activity of PEDOT film*® and increased superficial
area that resulted in the enhanced electrochemical signals.

The effect of pH on the electrochemical oxidation of HQ and CC
was also investigated, and shown in Fig. 4. The cyclic
voltammograms of HQ and CC on PEDOT modified CFE in 0.1 M PBS
at different pH (5-9) were shown in Fig. 4A. It was found clearly that
the redox potential of both HQ and CC shift negatively with the
increasing pH, and the linear relationship between the formal peak

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Cyclic voltammograms of bare (a) and modified CFE (b) in PBS

(pH 7.0) containing 100 uM HQ and 100 uM CC. Scan rate: 100
mvs .

potential and pH were found clearly in the pH range of 5-9, showed
in Fig. 4D with the linear regression equation of EO'(V)=0.46-
0.053pH (r’=0.996) for HQ and E”(V)=0.55-0.051pH (r*=0.999) for
CC, which indicates that an equal number of electron and protons
were involved in the redox process of HQ and CC. It coincided the
reaction mechanism of the substrates,46 shown in scheme 2.
The slopes of the two regression equations were very close to
the theoretical value of 59 mV/pH for two electrons and two
protons process.47 From Fig. 4B and Fig. 4C, it can be seen that
the peak currents of HQ and CC increased with the increasing
pH from 5 to 7 and then decreased when pH increased from 7
to 9. It may be due to both HQ and CC were of no advantage to
the oxidation reaction in low pH solution, and they were apt
into anions in high pH solution, decreased peak current caused
because of electrostatic repulsion17 between two
dihydroxybenzen isomers and modified CFE. Thus, pH 7 was
chosen as the optimum pH for the following experiments.

The cyclic voltammograms of PEDOT modified CEFs in buffer
containing HQ and CC at different concentrations were further
studied, and the results were shown in Fig. 5. In Fig. 5A, the
concentration of CC was fixed at 100 uM and that of HQ varied
from 10 uM to 100 uM. No change was found for the oxidation
peak of CC in the presence of different concentration of HQ,

= 2e”

OH o
OH ')
OH o
OH o
—_— + 21t + 28"
Scheme 2 Mechanism of redox reactions of HQ and CC at PEDOT

modified CFE.
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Fig. 4 Cyclic voltammograms of PEDOT modified CFE in 0.1 M
PBS containing HQ and CC (A) at different pH (from 5 to 9).The
effect of pH on the peak current of HQ (B) and CC (C) and the
dependence of peak potentials of HQ and CC (D) on the pH of

the buffer at PEDOT CFE.
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Fig. 5 Cyclic voltammograms of PEDOT modified CFE in 0.1 M
PBS (pH 7.0) containing (A) 100 puM CC and different
concentration of HQ: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100
UM (from a to j), and (B) 100 uM HQ and different
concentration of CC: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100
UM (from a to j).

which indicating that HQ has no influence on the redox
process of CC. The similar results were also obtained when the
concentration of HQ was fixed and that of CC varied (shown in
Fig. 5B). It is inferred that the redox process of one
dihydroxybenzene do not affect the other one, which makes it
possible for the simultaneous determination of the two
substrates.

3.3 Simultaneous determination of HQ and CC

To develop a sensitive analytical method for the analysis of HQ
and CC, DPV was employed. As shown in Fig. 6, no obvious
interference can be observed for the determination of one
species coexisting with the other one. Peak currents linearly
increased with increasing concentration of CC from 1 uM to
250 uM (Fig.6A), while keeping the concentration of HQ
constant at 50 pM. A similar result was also obtained

with HQ (1-150 uM) in the presence of 50 uM CC (Fig. 6B).

4| J. Name., 2012, 00, 1-3
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Fig. 6 Differential pulse voltammetry of PEDOT modified CFE in
0.1 M PBS (pH7.0) (A) containing 50 uM HQ and different
concentrations of CC from 0 to 250 puM. Insert: Calibration
plots of CC. (B) containing 50 puM CC and different
concentrations of HQ from 0 to 150 puM. Insert: Calibration
plots of HQ.

After calculation, the linear regression equations were |, =
0.8680 + 0.00897 C (ly: pA, C: uM) (r2=0.993) for HQ and I, =
0.8725 + 0.00514 C (I : pA, C: pM) (r’=0.995), and the

detection limits was 0.8 uM and 0.5 uM (S/N=3) for HQ and CC,

respectively. Thus, the selective and sensitive determination of
HQ and CC was achieved simultaneously at this modified
electrode.

3.4 Amperometric determination of HQ and CC

The quantitative amperometric determination of HQ and CC at
the three electrodes was carried out by using the standard
addition method. Fig. 7 shows the steady-state current-time
response of the PEDOT modified electrode for the incremental
addition of HQ and CC to a continuously stirring 0.1 M PBS at
an applied potential + 0.13 V for HQ and + 0.25 V for CC,
respectively (baseline had been calibrated). It can be observed
from Fig. 7A and 7C that the responses of the modified
electrode reach relative steady catalytic current values within

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Typical current—time response curves of the PEDOT
modified CFE to the successive additions of HQ (A) and CC (C)
and calibration curves of HQ (B) and CC (D) based on their
respective current—time response curve.

about 10 s response time (tz , time taken to reach 95% of the
maximum current) at various concentration of HQ and CC, and
current altered with small change for dozens of seconds.
Furthermore, the catalytic current increased steadily with
increasing the substrate concentration, and seemed to be
saturated for 1 mM HQ or 5 mM CC. The fast response might
be owned to the interactions between the substrates and the
reduced or oxidized forms of PEDOT polymer, and its catalytic
activity toward to HQ and CC might due to the unique
structure and good conductivity of PEDOT.* Fig. 7B and 7D
showed the current response versus concentrations based on
the data from Fig. 7A and 7C, respectively, which suggested
that the PEDOT modified CFE offered a useful linear calibration
plot in the concentration rang of 5.3x107 M to 8.6x10™ M for
HQ and 5.2x107 M to 4.9x10™ M for CC. The linear regression
equations were I, = 1.35 + 0.90 C (I : nA, C: uM) (r2 = 0.999)
forHQand I, =- 6.8 +0.70 C (I}, : nA, C: uM) (r2 =0.999) for CC,
and the detection limits was 0.42 uM and 1.6 uM (S/N = 3) for
HQ and CC respectively.

Compared with DPV, amperometric determination provided
lower sensitivity but larger detection range, so samples with
low concentration were analyzed by DPV and
chronoamperometry was suggested to detect samples with
large concentration range.

The possibility for quantitive determination of a mixture of
HQ and CC was further investigated. Amperometric response
of HQ and CC at + 0.13 V (A) and + 0.25 V (B) was shown in Fig.
8. It was seen that when keeping the potential at + 0.13 V, an
obvious current increase was obtained with the addition of HQ
and no current change observed with the addition of CC,
indicating that only HQ could be oxidized at this potential.
However, both HQ and CC could cause current increase as they
were added to the system after shifting the potential to + 0.25
V, as shown in Fig. 8B, indicating that both HQ and CC could

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 Current—time response of both HQ and CC at different
potentials: (A) + 0.13 V and (B) + 0.25 V.

be electrochemical oxidized at this potential. So the
concentration of HQ could be calculated from I, and the
regression equation (I, = 1.35 + 0.90 C) at the potential of +
0.13 V, the response current of CC was the algebraic difference
between I, and I}, (Ic = Iy — It ), and the concentration of CC
could also obtained at the potential of + 0.25 V based on the
regression equation mentioned above, I.=-6.8 + 0.70 C.

3.4 Reproducibility, stability and selectivity of this sensor

The electrochemical signal provided by this microsensor is
largely depended on the length of exposed carbon fiber and
experimental conditions for polymerization. So, reproducibility
can be guaranteed if these variables are under control. The
fabrication reproducibility for five PEDOT modified CFEs was
investigated by comparing the oxidation peak current of 100
UM HQ and 100 puM CC in mixed solution. The relative
standard deviation (RSD) was 3.8 % for HQ and 4.1 % for CC.
After 20 days, the peak currents of HQ and CC decreased by
13 % for HQ and 14 % for CC (data not shown here), indicating
an acceptable reproducibility and stability.

The influence of some coexist inorganic ions and organic
compounds on the determination of HQ and CC was also
investigated. The results showed that 100-fold of Na*, K*, NO;’,
Mg2+, cl, 5042', PO43", and 10-fold of urea acid, glucose and
ethanol did not interfere with the oxidation signal of 100 uM
HQ and CC (peak current change < +5 %).

The properties obtained in the present work were also
compared with other traditional electrodes, and linear range
and detection limit were listed in Table 1. It was found clearly
that larger linear range and satisfying detection limit were
obtained in the present work compared to other traditional
electrode materials. Furthermore, the advantage of PEDOT
modified CFE is embodied in its small size, detection can be
carried out in case of a small amount of samples, there’s
undoubtedly that this kind of microsensor could expand the
detection scope of dihydroxybenzene.

3.5 Real samples analysis

To evaluate the validity of the proposed method, the PEDOT
modified CFE was applied for the determination of CC and HQ
in local tap and lake water. The results demonstrated that no
target analytes were detected with the modified electrode.
The standard solution was added to the tap and lake water
samples to determine the recovery of CC and HQ. The
recoveries for CC and HQ (shown in Table 2) were 98.2-105.6%.

J. Name., 2013, 00, 1-3 | 5
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Table 1 Comparison of analytical performances at various electrodes for the determination of HQ and CC.

Modified electrode pH Analyte Linear range (uM) Detection limit (LM) Reference
(CMWNTs*-NHCH,CH,NH)s /GCE 7.0 HQ 10-120 2.3 [2]
CcC 5-80 1.0
MWNT/GCE 4.5 HQ 1-100 0.75 [13]
CC 0.6-100 0.20
SWNT/GCE 5.6 HQ 0.4-10 0.26 [14]
CC 0.4-10 0.30
ECF-CPE" 7.0 HQ 1-200 0.40 [15]
CC 1-200 0.20
CMK-3°/GCE 7.0 HQ 1-30 0.10 [16]
CC 0.5-35 0.10
CNCS—RGOd/GCE 4.0 HQ 1-300 0.87 [17]
CC 1-400 0.40
IL-G%/GCE 7.0 HQ 2-400 1.0 [18]
CC 1-300 0.85
Pyridinic—NGf/GCE 5.5 HQ 5-200 0.38 [19]
CC 5-200 0.10
PEDOT/CFE 7.0 HQ 0.53-861 0.42 This work
CC 0.52-4920 1.6
? Carboxylated-MWNTs 9 Carbon nanocages-reduced grapheme oxide
b Electrospun carbon nanofiber-modified carbon paste electrode ¢ lonic liquids-functionalize graphene
 Mesoporous carbon CMK-3 f Pyridinic nitrogen doped graphene
Table 2 Determination of HQ and CC in water samples.
Samples Original (uLM) Added (uM) Found® (uM) Recoveries (%) RSD (%)
Tap water HQ - 5 491 98.2 2.57
cC - 5 5.21 104.2 4.17
Lake water HQ - 5 5.19 103.8 3.46
CcC - 5 5.13 105.6 3.85

- Not detected
a Average of five determinations

Conclusion

A simple and sensitive electrochemical microsensor for
quantitative detection of HQ and CC was developed using
PEDOT modified CFE in neutral phosphate buffer solution. The
PEDOT modified CFE showed two well-defined redox peaks
with enhanced peak currents compared to the bare electrode,
DPV and amperometric determination were employed in the
analysis, and satisfying results were obtained. The linear
detection ranges of 5.3x107 M to 8.6x10* M for HQ and
5.2x107 M to 4.9x10° M for CC were obtained, with the
detection limits (S/N=3) of 0.42 uM and 1.6 uM, respectively.
The wide linear range, high sensitivity, fast and stable response
to the dihydroxybenzene isomers in case of a small amount of

This journal is © The Royal Society of Chemistry 20xx

sample as well as the effective discrimination to the possible
interferences at PEDOT modified CFE make it a promising
candidate for designing effective dihydroxybenzene sensor.
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A microsensor for hydroquinone and catechol was constructed based on carbon fiber
electrode modified by poly (3, 4-ethylenedioxythiophene) by several simple steps.
This microsensor exhibited excellent electrochemical activity toward the oxidation of
substrates, and the fast current response, wide linear range and low detection limit
in the amperometric determination of the two diphenol isomers.
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OH
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