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Novel conducting polymer nanocomposites of poly(3, 4-ethylenedioxythiophene) (PEDOT) doped with 
nanocrystalline cellulose (NCC) were prepared through both chemical and electrochemical 
polymerization methods. The prepared nanocomposites were characterized by scanning electron 
microscopy, Fourier transform infrared spectroscopy, electrochemical impedance spectroscopy and cyclic 10 

voltammetry. In both cases, NCC could be effectively incorporated into the polymerized PEDOT to form 
uniform conducting polymer nanocomposites that exhibit good electrochemical properties. With NCC 
acted as the only dopant in the electrochemical polymerization process, pure NCC doped PEDOT 
(PEDOT/NCC) with a unique nanostructure could be synthesized through the simple electrodeposition 
method. The electrochemically deposited PEDOT/NCC nanocomposite showed very low electrochemical 15 

impedance, large charge storage capacity and good electrocatalytic activity. Based on the excellent 
catalytic activity of the PEDOT/NCC nanocomposite towards the oxidation of dopamine, a sensitive 
amperometric sensor for the detection of dopamine with a detection limit of 69 nM was developed. 

Introduction 
Poly(3,4-ethylenedioxythiophene) (PEDOT) has been considered 20 

as one of the most promising conducting polymers, as it can be 
easily synthesized from the monomer 3,4-ethylenedioxythiophene 
(EDOT) at low electrochemical potential and the polymer 
possesses outstanding stability and electrical conductivity.1,2 
PEDOT has found broad applications in various fields from solar 25 

energy to transistors.3-8 With the advance of nanotechnology, 
nanocomposites based on PEDOT and different nanomaterials 
have attracted much attention owing to their unique properties. It 
was found that properties of PEDOT composites could be 
remarkably altered when different nanomaterials were used as 30 

dopants. For example, electrochemically deposited PEDOT 
doped with CNTs exhibited high stability and excellent 
biocompatibility,9 while the nanocomposite of PEDOT and 
montmorillonite synthesized through in situ polymerization 
showed excellent electrical conductivity.10 These unique 35 

properties, in addition to their capability of being 
electrochemically synthesized, make PEDOT nanocomposites 
ideal candidates to be used as electrode materials and for the 
development of sensors.11-16 
 Nanocrystalline cellulose (NCC), also called cellulose 40 

nanocrystals, is typically a nanoscale rod-like crystalline cellulose 
(with a length of tens to hundreds of nanometers and a diameter 
of about 1-100 nm) prepared from native cellulose by the method 
of acid hydrolysis.17, 18 NCC possesses several advantages such as 
low cost, high surface area and nontoxicity.19-21 Moreover, it can 45 

form stable lyotropicnematic liquid crystals phase above a critical 
concentration.22, 23 Owing to its specific properties, NCC has 
received increasing attention in the past years, and various 
applications of NCC have been investigated. Very recently, 
surfactant modified NCC and silver nanoparticles have been used 50 

to modify poly(lactic acid) nanocomposite for food packaging, 
and they could significantly increase the barrier effect of the 
produced composite film.24 Similar application of NCC to reduce 
the water permeation property of polycaprolactone composite 
film has also been reported.25 NCC has also been used as a 55 

multifunctional cross-linker26 and a biocompatible matrix for 
enzyme immobilization.27 The application of NCC for the 
construction of sensors and biosensors has also been explored. 
For example, a sensitive sensor for the detection of human 
neutrophil elastase, a biomarker for chronic wounds, has been 60 

developed by Edwards and coworkers28 based on peptide 
conjugated NCC. Shang and coworkers29 have developed an 
electrical DNA biosensor using carboxylated NCCs attached with 
Ag nanoparticles as labels. Other recently developed sensing 
systems based on NCC include colorimetric humidity indicator30 65 

and glucose biosensor.31 
The combination of different polymers and NCC may generate 

potentially promising composites that combine the unique 
properties of these two components. In the past, a number of 
research papers about the preparation and application of such 70 

composite materials have been reported.32-36 Nanocomposites of 
polyaniline and NCC prepared in lyotropic chiral nematic liquid 
crystals have been reported to be electrically conductive with a 
conductivity up to 0.01 S cm-1.37 Cellulose fibers individually 
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coated with a 50 nm thin layer of polypyrrole formed through 
chemical polymerization have been used for energy storage, and 
the obtained nanostructured high surface area electrode material 
exhibited very high charge capacity and excellent cycling 
stability.38 These studies are mainly based on polyaniline and 5 

polypyrrole, while the preparation and application of 
nanocomposite of PEDOT and NCC have not yet been explored. 
In this work, for the first time, we report the preparation of 
conducting polymer nanocomposites based on PEDOT doped 
with NCC (PEDOT/NCC) by chemical oxidative polymerization 10 

and electrochemical polymerization, respectively. Properties of 
the prepared PEDOT/NCC nanocomposites were studied in 
detail, and their electrochemical catalytic activities towards the 
oxidation of dopamine (DA), was further investigated. 

Experimental section 15 

Materials 

Cotton pulp in dry lap form was purchased from 
WeifangHenglian Pulp & Papermaking Co., Ltd (Weifang, 
Shandong, China). 3,4-ethylenedioxythiophene (EDOT), lithium 
perchlorate trihydrate (LiClO4·3H2O) and DA were obtained 20 

from Aladdin Reagents (Shanghai, China). All other chemicals 
were of analytical grade. Deionized water from a Milli-Q water 
purifying system was used throughout. 
 

Apparatus 25 

Electrochemical experiments were performed with a CHI660D 
electrochemical workstation (Shanghai CH Instruments Co., 
China) coupled with a conventional three-electrode system. A 
homemade carbon paste electrode (CPE, prepared according to 
our previous report39) or modified CPE was used as the working 30 

electrode. An Ag/AgCl electrode and a platinum wire were used 
as the reference and counter electrodes, respectively. Field 
emission scanning electron microscopy (SEM) was performed 
with a JEOL JSM-7500F SEM instrument (Hitachi High-
Technology Co., Ltd., Japan). The Zeta potential of NCC and 35 

PEDOT/NCC was measured with the Malvern Zetasizer Nano 
ZS90 (Malvern Instruments Ltd, UK). Fourier transform infrared 
spectroscopy (FTIR) was recorded using the BRUKER TENSOR 
70 spectrometer (Bruker Optics, Germany). 
 40 

Preparation of nanocrystalline cellulose 

NCC was prepared according to our previous work.17 Briefly, 
cotton pulp in dry lap form was putted into a Hollander beater 
until the degree of beating was about 50◦SR. 3.0 g of the obtained 
cotton fibers was put into a three-neck flask, followed by the 45 

addition of sulfuric acid (64 wt%, 90 g) and the mixture was 
stirred for 5h. The suspension was then filtered with a dialysis 
bag until the pH of the suspension was 7.0 (at normal 
atmospheric temperature). Finally, the suspension was dehydrated 
with organic solvents and dried at 60 ℃ (until constant weight), 50 

and the product NCC was obtained. 

Chemical polymerization of PEDOT/NCC 

10 mL of 1.0 mg mL-1 NCC suspension in deionized water (pH 
7.0) was heated to 70 ℃ under magnetic stirring. Following the 

addition of 10 mg EDOT to the above suspension, 14 mg 55 

FeCl3·6H2O was immediately added, and the suspension was 
vigorously stirred again for 2 h at the same temperature. After 
cooling, the resulting material was collected and subjected to a 
series of centrifugation (3000 rpm for 15 min) and washing 
cycles until the supernatant became neutral. The obtained 60 

material (chemically polymerized PEDOT/NCC nanocomposite) 
was then dried at 60 ℃ under vacuum before use.  
    For the preparation of CPE modified with chemically 
polymerized PEDOT/NCC, 10 µL suspension containing 15 mg 
mL-1 of the chemically prepared PEDOT/NCC was drop-coated 65 

on the CPE and dried under ambient temperature. 
 

Electrochemical polymerization of PEDOT/NCC 

The electrochemical preparation of the PEDOT/NCC 
nanocomposite was performed through electropolymerization in a 70 

solution containing 2.0 mg mL−1 NCC and 0.02 M EDOT. The 
electrochemical polymerization potential was set at 1.2 V, and the 
polymerization time was 120 s. For comparison, PEDOT 
conducting polymer without NCC was prepared similarly through 
the electrochemical polymerization in 0.02 M EDOT solution 75 

containing 0.2 M LiClO4. 
 

Electrochemical measurements 

Electrochemical impedance spectroscopy (EIS) measurements 
were recorded in 50.0 mM [Fe(CN)6]3-/4- solution containing 0.1 80 

M KCl within a frequency range of 1-100,000 Hz. The amplitude 
of the applied sine wave was 5 mV, and the direct current 
potential set at 0.30 V. Cyclic voltammetry (CV) was performed 
in either phosphate buffered saline (PBS, 0.05 M, pH 7.0) or 
Britton-Robinson (B-R) buffer (0.2 M, pH 5.0), as indicated in 85 

specific experiment conditions. Unless otherwise indicated, the 
scan rate of CV was 100 mV s-1. DA detection was performed 
using amperometric current-time (i-t) curve in stirring B-R 
buffer, with the potential set at 0.34 V. All experiments were 
conducted at ambient temperature. 90 

Results and discussion  
Preparation and SEM characterization of PEDOT/NCC 
nanocomposites 

As NCC is prepared from cotton pulp by the method of sulfuric 
acid hydrolysis, it possesses many sulfonic acid ester groups, 95 

which makes NCC negatively charged in aqueous solution (the 
Zeta potential of NCC was measured to be -21.9 mV). The 
negatively charged NCC with quite big specific surface area will 
be doped and wrapped in the growing polymer to neutralize the 
positive charges on the backbone of PEDOT (The Zeta potential 100 

of PEDOT/NCC was measured to be -7.54 mV). 
   SEM images of the chemically polymerized PEDOT/NCC and 
the electrochemically polymerized PEDOT/NCC both on the 
CPE surface are shown in Fig. 1. The morphologies of the 
chemically and electrochemically synthesized PEDOT/NCC 105 

nanocomposites are significantly different. The chemically 
polymerized PEDOT/NCC nanocomposite shows a    
microstructure composed of packed particles, with the size  
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Fig. 1 SEM images of NCC (a), the chemically polymerized PEDOT/ 
Chloride (b), the electrochemically polymerized PEDOT/NCC (c), and 

the chemically polymerized PEDOT/NCC (d). 

ranging roughly from 100-140 nm (Fig. 1d, the scale bar is 100 5 

nm). Compared with the chemically polymerized PEDOT without 
NCC (Fig. 1b), the chemically polymerized PEDOT/NCC 
exhibits a more regular particle-like microstructure, which should 
be ascribed to the presence of NCCs that are wrapped by the 
PEDOT. On the other hand, the electrochemically polymerized 10 

PEDOT/NCC nanocomposite (Fig. 1c) exhibits a uniform 
network-like wrinkled surface morphology, and its microstructure 
is composed of evenly packed nanorods. Interestingly, the shape 
of these rods (with the diameter of about 40-60 nm, the length of 
about 100-150 nm) is similar to that of the starting NCC (Fig. 1a, 15 

with the diameter of about 30 nm). This morphology difference 
between the chemically and electrochemically prepared 
PEDOT/NCC nanocomposites may be ascribed to their different 
polymerization mechanisms. For the electrochemical 
polymerization, NCC is the only dopant for PEDOT, and the 20 

polymer prefer to grow around the negatively charged NCC, 
resulting to the formation of PEDOT coated NCC rods. While for 
the chemical polymerization using FeCl3 as oxidant, the negative 
chloride ion can also be incorporated into the formed PEDOT as 
a dopant. Therefore, the formation of PEDOT is not limited 25 

around the NCC surface, and the microstructure of the chemically 
formed PEDOT/NCC doesn’t resemble the morphology of the 
primitive NCC. 
 

FTIR characterization of the PEDOT/NCC nanocomposite 30 

FTIR is used to characterize the chemical composition of NCC 
and the chemically polymerized PEDOT/NCC. The FTIR spectra 
of NCC (curve a) and the chemically polymerized PEDOT/NCC 
(curve b) are shown in Fig. 2. As seen in Fig. 2a, the band at 
around 3348 cm-1 is due to the O-H stretching vibration, the band 35 

at about 2902 cm-1 is attributed to the stretching vibration of 
methylene and methine, and the band at 1429 cm-1 is assigned to 
the scissoring vibration of methylene. The peaks at 1163 cm-1, 
1113 cm-1 and 1059 cm-1 are corresponding to the C-O-C modes 
in glucose monomer of NCC. All the above characteristic speaks 40 

are also seen in Fig. 2b shows that the structure of NCC is still  

 
Fig. 2 FTIR spectra of (a) NCC and (b) the chemically polymerized 

PEDOT/NCC nanocomposite. 

well maintained in the chemically polymerized PEDOT/NCC. 45 

The small peak presented at 1530 cm-1 is characteristic of ν(C=C) 
and ν(C–C) vibrations of the thiophene ring10, while the 
decreased intensity of the band at around 3348 cm-1 due to the O-
H stretching vibration and the more stronger peaks at about 2902 
cm-1 due to the stretching vibration of methylene and methine 50 

confirms that NCC was combined with the PEDOT, and they 
affected each other. 

Electrochemical characterization 

The electrochemical properties of different electrodes are 
characterized by EIS. Fig. 3 shows the impedance spectra of 55 

different modified electrodes in the form of Nyquist plots, which 
are composed of a semicircle portion corresponding to the charge 
transfer process and a linear portion attributing to the diffusion 
limited process at the electrode interface, respectively.40-43 
Simply, the diameter of the semicircle in the Nyquist plot is 60 

equivalent to the charge transfer resistance (Rct). It is clear that 
CPEs modified with PEDOT/NCC nanocomposites show much 
lower Rct than that of the bare CPE, regardless whether the 
nanocomposites are chemically or electrochemically 
polymerized. This may be ascribed to the fact that these 65 

PEDOT/NCC nanocomposite films are conductive, and they 
(with their rough and porous microstructures) can increase the 
effective surface area of the modified electrodes. Interestingly, 
the Rct of the CPE modified with electrochemically polymerized 
PEDOT/NCC is lower than that of the CPE modified with 70 

chemically polymerized PEDOT/NCC and the CPE modified 
with electrochemically polymerized PEDOT doped with 
perchlorate, indicating excellent charge transfer property of the 
electrochemically polymerized PEDOT/NCC nanocomposite. 
Therefore, the improved properties are arising from both the 75 

electrochemical deposition and NCC. 
    CV was used to evaluate the charge storage capacity of the 
CPE, PEDOT/NCC modified and PEDOT/chloride modified 
electrodes using the enclosed area of the CV curve, i.e., the 
amount of charge passed during one CV cycle.9 It can be seen 80 

from Fig. 4, the PEDOT modified CPEs (b and c) exhibits much 
higher charge storage capacity than the bare CPE (curve a), and 
the PEDOT doped with NCC shows higher charge storage 
capacity than that of the PEDOT/perchlorate. Such a high charge 
storage capacity is associated with the large surface area and 85 

good conductivity of the electrochemically polymerized  
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Fig. 3 Electrochemical impedance spectroscopy of (a) bare CPE, (b) 

CPE modified with chemically polymerized PEDOT/NCC, (c) CPEs 
modified with electrochemically polymerized PEDOT doped with 
perchlorate and (d) CPEs modified with electrochemically polymerized 5 

PEDOT/NCC. 

PEDOT/NCC nanocomposite, and it is consistent with the EIS 
investigation above. 
    The stability of the electrochemically polymerized 
PEDOT/NCC film was investigated using CV (from -0.6 V to 0.6 10 

V, with a scan rate of 50 mV s-1.) electrochemical stimulation for 
1500 consecutive oxidation-reduction cycles. It was found that 
after 1500 CV cycles, the charge storage capacity retention of the 
PEDOT/NCC modified electrode and the PEDOT/perchlorate 
modified electrode was about 78% and 75%, respectively, 15 

indicating good stability of this PEDOT based nanocomposite.44-

46 
 

Electrochemical oxidation of DA at nanocomposite modified 
electrodes 20 

The above characterizations reveal that the CPE modified with 
electrochemically polymerized PEDOT/NCC nanocomposite has 
large electrode surface area and low electrochemical impedance, 
it is therefore expected that it may possess excellent 
electrocatalytic property. The electrochemical oxidation of DA at 25 

different electrodes was investigated using CV, as shown in Fig. 
5. At the bare CPE (curve a), DA shows a couple of small redox 
peaks with a peak separation (ΔEp) of 466 mV, while at the CPE 
modified with PEDOT doped with perchlorate (curve b), DA 
presents larger redox peaks, and the ΔEp is decreased to about 30 

209 mV. This result implies that PEDOT has good catalytic 
activity towards the oxidation of DA. For the CV of DA at the 
CPE modified with electrochemically polymerized PEDOT/NCC, 
a pair of well-defined redox peaks is observed (curve c), and the 
ΔEp is further decreased to about 150 mV. This clearly indicates 35 

that the catalytic activity of the PEDOT/NCC nanocomposite is 
superior than that of the commonly used PEDOT/perchlorate, 
which may be ascribed to the fact the nanocomposite’s large 
surface area and good conductivity.  

 40 

Fig. 4 Cyclic voltammograms of (a) bare CPE, and CPEs modified with 
electrochemically polymerized PEDOT doped with (b) perchlorate and (c) 

NCC in pH 7.0 PBS. The scan rate was 100 mV s-1. 

The amperometric response of DA on the CPE modified with 
the electrodeposited PEDOT/NCC was measured at an applied 45 

constant potential of 0.34 V, as shown in Fig. 6. The modified 
electrode shows a very fast catalytic response, and 95 % of the 
steady state current is reached within 3 s. The sensor exhibits 
clear linear response to DA across a very wide concentration 
range from 0.2 to 62.0 µM, and the regression equation is Ipa 50 

(µA) = 1.558c (µM) - 0.959, with R = 0.998. Based on a signal-
to-noise ratio of 3, the limit of detection of this assay is calculated 
to be 69 nM, which is lower than that of some related reports,47-50 
indicating high sensitivity of the DA sensor. 

 55 

 
Fig. 5 CV curves for 0.1 mM DA at (a) bare CPE, and CPEs modified 

with electropolymerized PEDOT doped with (b) perchlorate and (c) NCC 
in B-R buffer (0.2 M, pH 5.0). The scan rate was 100 mV s-1. 
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Fig. 6 Amperometric responses of the electrodeposited PEDOT/NCC 

modified CPE to successive addition of DA into stirring B-R buffer (0.2 
M, pH 5.0). The working potential was 0.34 V, and the DA 

concentrations added were 0.2, 0.4, 0.6, 0.9, 1.2, 1.8, 2.4, 4.0, 5.6, 8.8, 5 

12.0, 17.0, 22.0, 32.0, 47.0 and 62.0 mM in sequence. Inset, amplified 
portion of the amperometric response curve. 

 

Conclusions 
Novel conducting polymer nanocomposites of PEDOT doped 10 

with NCC were successfully prepared by chemical oxidative 
polymerization and electrochemical polymerization, respectively. 
In both processes, NCC can be effectively doped in the 
conducting polymer PEDOT to form nanocomposites with large 
surface area and good conductivity. For the electrochemical 15 

polymerization of PEDOT, NCC serves as the sole dopant as well 
as a template to guide the formation of PEDOT around NCC 
nanorods. The electrodeposited PEDOT/NCC nanocomposite on 
CPE presented high surface area, low electrochemical impedance 
and excellent electrochemical catalytic activity. The 20 

amperometric sensor based on electrodeposited PEDOT/NCC 
achieved sensitive detection of DA (69 nM). In addition to these 
excellent properties, the low cost and facile preparation of 
PEDOT/NCC nanocomposite should make it an ideal candidate 
material for a broad range of applications in the future, such as 25 

the development of other sensing systems, on demand drug 
release and energy storage devices. 
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