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nanostructures with enhanced electrochromic
performance
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Yan Wang,ab Jiaqin Liuc and Yucheng Wu *ab

Poly(3,4-ethylenedioxythiophene) (PEDOT)/graphene oxide (GO) hybrid nanostructures have been

obtained by an in situ electro-polymerization process. Field emission scanning electron microscope

observation indicates that the hybrid nanostructures consist of uniform and well-dispersed PEDOT

nanoparticles integrated on the networked GO nanosheets. Surface chemistry and structure of the

hybrid nanostructures have been characterized by X-ray photoelectron spectroscopy (XPS) and Raman

spectroscopy. Electrochemical and optical property measurements demonstrate that the hybrid

nanostructures exhibit significantly improved electrochromic performance compared with the pristine

PEDOT nanostructure. The contrast between coloring and bleaching state of the PEDOT nanostructure

at 480 nm increases from 23.4% to 31.4% after hybridizing with GO nanosheets. The coloring time and

bleaching time are shortened from 1800 ms to 300 ms and 1500 ms to 400 ms, respectively, while the

coloring efficiency increases from 53.5 cm2 C�1 to 64.9 cm2 C�1 after the hybridization. The obtained

PEDOT/GO hybrid nanostructures promise great potential in developing novel electrochromic materials

for smart windows and other energy saving applications.
1 Introduction

Electrochromic materials have attracted steadily increasing
interest owing to their distinct function of exhibiting reversible
modulation in optical transmittance, absorbance or reection
consuming low electric power. The different characteristics of
absorption-type, transmission-type and reective-type electro-
chromic devices (ECDs) render them ideal candidates for
energy-saving windows, smart displays, electronic papers,
indoor safety as well as military camouage.1,2 Compared to
inorganic electrochromic materials, conjugated polymers have
the advantages of fast response speed, multicolor changes, easy
design and cost effectiveness.3,4 Poly(3,4-ethylenedio-
xythiophene), or PEDOT, is a typical cathodically coloring
conjugated polymer featuring high color efficiency, high elec-
trical conductivity, high transmissivity for visible radiation,
short response time and resistance to degradation in the doped
form.5–8 Previous reports indicated that the electrochromic
performance of PEDOT can be obviously improved by control-
ling the size of the PEDOT in nanoscale, and various low
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dimensional PEDOT nanostructures have been developed such
as PEDOT nanoparticles,9 nanowires,10 nanotubes11,12 and
nanobelts.13,14 Nevertheless, optical contrast and recycling
stability of PEDOT are still not high enough to meet the
requirement for practical applications.

Utilizing designed monomers or combining different kinds
of monomers to produce electrochromic materials has been
considered as a promising approach for ECDs development and
signicant improvement has been achieved.15,16 On the other
hand, hybridization between organic and inorganic compo-
nents in nanoscale has recently been proposed as an alternative
solution for developing novel ECDs.17 Fortunately, PEDOT has
a p-conjugated skeleton which can incorporate organic and/or
inorganic molecules to achieve hybrids with enhanced or
modulated electrochromic properties. Recently, different
carbon materials such as graphene, carbon nanotubes and
fullerenes have been hybridized with conjugated polymers for
various practical applications such as dye-sensitized solar cells,
energy storage systems, biological or physical sensors and
biomedical applications, in which graphene oxide nanosheets
exhibit especially favorable performance owing to their high
specic surface area and superior dispersion in many common
solvents.18–21 In addition, rich oxygenic functional groups on the
GO nanosheets can22,23 make the surface negatively charged,
which facilitates the electrical polymerization of the conductive
monomer on the GO surface. Moreover, outstanding exibility
of GO nanosheets renders it an ideal framework for buffering
RSC Adv., 2018, 8, 13679–13685 | 13679
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volume changes of the electrode during the electrochromic
process.24 It is expected that the growth of organic–inorganic
hybrids could combine the advantages between the two and the
conned growth of the organic materials in nanoscale may
promise enhanced electrochromic performance. However, the
research on the electrochromic properties of PEDOT/GO hybrid
nanostructures still remains lacking.

In this paper, we report a novel PEDOT/GO hybrid nano-
structures by in situ electro-polymerization in which GO nano-
sheets are beaded with well-dispersed PEDOT nanoparticles
without using any additional dopants. We combined trans-
parent conducting electrode and electrochromic layer together
to obtain transmission-type ECDs which can adjust the trans-
mittance of light under the external electric eld. Microstruc-
ture, surface chemistry and electrochromic properties of the
hybrid nanostructures have been scrutinized. This type of the
hybrid nanosheets are expected to possess high surface area
that facilitate the electron transportation and ions injection/
excitation in which GO can act as framework for buffering
volume changes of the electrode during the electrochromic
process.

2 Experimental

GO solution was prepared based on the modied Hummer's
method. 0.1 M EDOT and 20 ml GO solution (5 mg ml�1) were
mixed and dispersed in 20 ml ethanol and treated by ultra-
sonication for 3 hours to be used as an electrolyte. In situ
electro-polymerization was conducted on a piece of ITO coated
glass with the immersing area of 2 � 0.5 cm2 in a three-
electrode system for 10 s at 2.5 mA cm�2 using chro-
nopotentiometry, in which a platinum wire and a Ag/AgCl
electrode were used as counter and reference electrode,
respectively. Aer the electro-polymerization, the sample was
rinsed by ethanol for several times and dried in air. A pristine
PEDOT lm on an ITO coated glass was also prepared for
comparison using the same parameters as those of growing
hybrids except for that using 0.2 M LiClO4 to take the place of
GO solution providing anions for the electro-polymerization
process. Under the applied electric eld, thiophene lost elec-
trons to form free radicals on the electrode surface when the
voltage reached the oxidation potential, and the dimer was
further oxidized and synthesized into tetramer. The poly-
thiophene with high degree of polymerization was nally
formed. In order to maintain the electric neutral of the material,
the cationic dopant would combine with the polythiophene lm
and the doped polythiophene lm was nally obtained.

Graphite powder was purchased from Nanjing Xianfeng
Nanomaterials Limited Company, China, LiClO4 powder
($99%) was purchased from Sigma-Aldrich, EDOT monomer
and absolute ethanol were purchased from Sinopharm.
Morphology, composition, structure and optical properties of
the samples were characterized by eld emission scanning
electron microscope (SU8020), X-ray diffractometer (CuKa
radiation, l ¼ 0.15418 nm, Rigaku D/MAX 2500V), Confocal
Micro-Raman spectrometer (Horiba, LabRAM HR Evolution),
Thermo ESCALAB 250 X-ray photoelectron spectrometer,
13680 | RSC Adv., 2018, 8, 13679–13685
respectively. An electrochemical workstation (CHI760E) and UV-
3600 spectrometer were used for electrochromic property
evaluation.

In a typical process, a thin nanostructured electrochromic
layer (PEDOT or PEDOT/GO layer) was assembled on a trans-
parent conducting electrode (ITO glass) to form transmission-
type ECDs. The electrochromic performance was evaluated by
measuring the variation in the transmittance of light passing
through the prepared ECDs. The measurement of the samples
was carried out in a three-electrode electrochemical cell using
1 M LiClO4/PC solution as an electrolyte by combining a Shi-
madzu UV-3600 UV-VIS-NIR spectrophotometer and a CHI760E
electrochemical workstation. The three-electrode system (the
electrochromic lm on ITO with the size of 2 � 0.5 cm, a plat-
inum wire and a Ag/AgCl electrode were served as the working
electrode, counter electrode and reference electrode, respec-
tively) was inserted vertically into the cuvette lled with elec-
trolyte. The step voltages of the PEDOT lm and the PEDOT/GO
hybrid lm were set between �1.0 V and 1.0 V at a time step of
10 s, and the dynamic optical transmittance of the PEDOT lm
and the PEDOT/GO lm was recorded at 480 nm.
3 Results and discussion
3.1 Microstructure

PEDOT/GO hybrid nanostructures were prepared by in situ
polymerization of EDOT with GO nanosheets onto the ITO
glass. For comparison, a pristine PEDOT lm was also prepared
on the ITO glass keeping the growth parameters unchanged.
Fig. 1(a) shows a lowmagnication FESEM image of the pristine
PEDOT lm. High magnication FESEM image as shown in
Fig. 1(b) indicates porous structure of the PEDOT lm, which
consists of interlinked nanorods with the diameters in the
range of 20–60 nm.With the involvement of GO nanosheets into
the growth, a PEDOT/GO hybrid lm was obtained as shown in
Fig. 1(c). Evidently, surface morphology of the hybrid lm is
quite different from that of the pristine PEDOT lm. A close-up
view of the hybrid lm as shown in Fig. 1(d) suggests that the
graphene oxide nanosheets are beaded with uniform and well-
dispersed PEDOT nanoparticles. Typical size of the nano-
particles is in the range of 15–20 nm, forming a compact and
rough surface with high surface area. The cause of the
morphology difference between the hybrid nanostructures and
the pristine PEDOT nanostructures can be ascribed to different
interactions during the two electro-polymerization processes.
While the growth of the pristine PEDOT nanostructures was
dominated by the interaction between EDOT and small ions
(e.g. ClO4

�), the formation of the uniform PEDOT nanoparticles
beading on the GO nanosheets could be attributed to the
interaction between EDOT and functional groups on the GO
nanosheets surface.22 With the involvement of GO into the
growth, GO surface with functional groups served as a substrate
favoring conned deposition of PEDOT nanoparticle with tiny
size and uniform distribution.
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 SEM images of (a) and (b) PEDOT film (c) and (d) PEDOT–GO film.
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3.2 Raman spectra

Raman spectroscopy was utilized to characterize the hybrid
nanostructures as previous reports.25 Fig. 2 shows Raman
spectra of GO nanosheets, the pristine PEDOT lm and PEDOT/
GO hybrid nanostructures, respectively. Raman spectrum of the
GO nanosheets shows two bands centered at 1596 and
1353 cm�1, which can be attributed to well-documented G band
and D band, respectively.26 Two strong peaks centered at 1436
and 1502 cm�1 for the pristine PEDOT lm can be assigned to
Fig. 2 Raman spectra of pristine GO powders, PEDOT film and
PEDOT–GO film.

This journal is © The Royal Society of Chemistry 2018
the asymmetric and symmetric C]C stretch. The bands at
1366 cm�1, 1267 cm�1 and 991 cm�1 originate from Cb–Cb

stretch, Ca–Ca0 inter-ring stretch and oxoethylene ring defor-
mation, respectively,27 demonstrating characteristic peaks of
PEDOT. In terms of Raman spectrum of PEDOT/GO hybrid
nanostructures, two shoulder peaks circled with dash line are
observed besides characteristic peaks of the PEDOT as shown in
Fig. 2, and the shoulders can be indexed to the well-
documented G and D bands of GO nanosheets, respectively,
which suggests that GO nanosheets have been successfully
incorporated into the PEDOT lm. It is known that G band
reveals the E2g phonon of C sp2. Aer the hybridization, a G
band shi (from 1602 cm�1 to 1609 cm�1) was observed, which
can be ascribed to p–p stacking interaction between the PEDOT
nanoparticles and GO nanosheets atoms.28

3.3 XPS spectra

X-ray photoelectron spectroscopy was carried out to investigate
chemical and electronic structure of the samples. Fig. 3(a) and
(b) show C 1s core level spectra of the pristine PEDOT lm and
PEDOT/GO hybrid nanostructures, respectively. As shown in
Fig. 3(a), the strong peak centered at 284.7 eV for the PEDOT
lm can be attributed to the C–C and C]C bond. It is clear to
differentiate the C–S peak at 286.3 eV, and small peaks at
288.1 eV and 289.3 eV which originate from C]O and O–C]O
groups, respectively.29,30 In terms of C 1s XPS spectra of the
PEDOT/GO hybrids, a rather strong peak at 286.9 eV is observed
besides characteristic peaks of PEDOT as shown in Fig. 3(b),
RSC Adv., 2018, 8, 13679–13685 | 13681
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Fig. 3 C 1s XPS spectra of (a) PEDOT film, (b) PEDOT–GO film.
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which can be assigned to C–O (epoxy and hydroxyl) bond.29–31 It
is widely recognized that abundant epoxy groups and hydroxyl
on the GO sheets surface make the GO surface negatively
charged, which allows the in situ electro-polymerization of
EDOT and favors the formation of uniform PEDOT nano-
particles on the GO nanosheets surface.
3.4 Electrochromic performance

Electrochromic performance of the samples was evaluated in
a three-electrode electrochemical cell using 1 M LiClO4/PC
Fig. 4 Transmittance spectra of (a) PEDOT film and (b) PEDOT–GO film
the ionic liquid: 1 M LiClO4/PC solution, (c) dynamic optical transmittance
between +1.0 V and �1.0 V at a time step of 10 s recorded at 480 nm.

13682 | RSC Adv., 2018, 8, 13679–13685
solution as an electrolyte by combining the UV-VIS-NIR spec-
trophotometer and the electrochemical workstation. The area of
the lm is 1 cm2. (Details of constructing the device and
measurement procedure can be found in the Experimental
section). As shown in Fig. 4, typical transmittance spectra of the
pristine PEDOT and the PEDOT/GO hybrids nanostructures
were recorded under different potential varying from�1.0 V (vs.
Ag/AgCl) to +1.0 V. For the pristine PEDOT lm (Fig. 4(a)), color
of the lm changed from blue to purple at�1.0 V, and a distinct
peak at 560 nm corresponds to a p–p* transition which
suggests the formation of reduced polymer and the
recorded under different dc potentials varying from �1.0 V to +1.0 V in
of PEDOT and PEDOT–GO film under square wave potential oscillating

This journal is © The Royal Society of Chemistry 2018
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neutralization of bipolarons by electrons.32 During the oxida-
tion of the PEDOT lm by adjusting the potential to +1.0 V, the
transmittance peak due to the p–p* transition still remained,
implying that the doping level was not high and the new
polarization level was not completely established. In terms of
the PEDOT/GO hybrid nanostructures, the optical contrast from
300 nm to 800 nm is obviously higher than that of the pristine
PEDOT lm as shown in Fig. 4(b). The transmission edge of the
p–p* transition peak for the PEDOT/GO hybrid nanostructures
exhibits a blue shi with respect to that of the pristine PEDOT
lm, suggesting narrower band gap of the PEDOT lm as
compared to the PEDOT/GO lm. As shown in Fig. 4(c), dynamic
contrast between the reduced and oxidized states of the PEDOT/
GO hybrid nanostructures is about 31.4% at the wavelength of
Fig. 5 Corresponding chronoamperometry curves for the (a) PEDOT film
charge density for (c) PEDOT film and (d) PEDOT–GO film, cyclic voltam

This journal is © The Royal Society of Chemistry 2018
480 nm, which is evidently higher than 23.4% of the pristine
PEDOT lm. The coloring time (300 ms) and bleaching time
(400 ms) of the PEDOT/GO hybrid nanostructures are much
shorter than those of the PEDOT lm (coloring time: 1500 ms,
bleaching time: 1800 ms). The morphology and structure
characterization demonstrate that the hybrid nanostructures
benet the charge transfer process and favor deeper ion injec-
tion into the active layer which evidently promote the optical
contrast and response speed of the electrochromic electrode. It
should be noted that the bleaching time is longer than the
coloring time for both of the samples due to low doping degree
of the conductive polymer as well as decreasing electrical
conductivity under the negative potential, which impedes the
electron transportation. Compared to reported layer-by-layer
and (b) PEDOT/GO film, variation of the in situ optical density (OD) vs.
mograms of the (e) PEDOT film and (f) PEDOT–GO film for 200 cycles.

RSC Adv., 2018, 8, 13679–13685 | 13683
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grown poly-(hexyl viologen)–PEDOT/PSS,33 PEDOT–RGO nano-
composite and PEDOT–ILFG nanocomposite,32 our hybrid has
exhibited quicker coloring and bleaching time as well as higher
optical contrast. As shown in Fig. 5(a), peak value of cathodic or
anodic current density for the pristine PEDOT lm shows
irregular changes while the PEDOT/GO hybrid nanostructures
exhibit identical peak value current density as shown in
Fig. 5(b), indicating obviously better cyclic stability of the
PEDOT/GO nanostructures than the pristine PEDOT lm.
Coloring efficiency is another important criterion evaluating
electrochromic materials which is dened as the production of
maximum possible change in color by the least amount of
injected charges. In order to calculate this value, the change in
the optical density (DOD) is supposed to be divided by corre-
sponding charge density (corresponding injected/ejected
charge density (Q) per unit area), the calculation formulas of
which are shown as follows:34,35

CE ¼ DOD/QDOD ¼ log(Tb/Tc)

where CE (cm2 C�1) is the coloring efficiency at a given wave-
length. Coloration efficiencies of the pristine PEDOT and
PEDOT/GO hybrid nanostructures were obtained from DOD
versus injected charge density plots at the wavelength of 480 nm
(Fig. 5(c and d)). The CE value of the PEDOT/GO hybrid nano-
structures is gured out to be 64.9 cm2 C�1 which is 21.3%
higher than the 53.5 cm2 C�1 of the pristine PEDOT lm. It
indicates that the PEDOT/GO hybrid nanostructures are able to
more efficiently utilize the intercalated charge than the PEDOT
lm, translating a greater number of electrochemically
addressable sites into higher coloring efficiency. The electro-
chemical behavior comparison of the two lms as well as the
contribution of GO nanosheets to the circulatory stability was
evaluated by cyclic voltammetry tests in an ionic liquid of 1 M
LiClO4/PC solution as shown in Fig. 5(e) and (f), respectively. In
the rst circle, an anodic peak appeared at about 0.38 V for the
pristine PEDOT lm due to the ClO4

� ions doping, and the lm
displayed blue color. In the reverse scan, a cathodic peak
commenced at about �0.07 V due to anion extraction, and the
lm presented purple color. As for the PEDOT/GO hybrid lm,
the oxidation peak and reduction peak present at �0.22 V and
�0.40 V respectively, and the lm exhibited dark blue (reduc-
tion state) and light blue (oxidation state). These phenomena
can be explained by anion extraction and insertion and the
equations clarifying the redox process of both PEDOT lm and
PEDOT/GO lm are shown as follows. The cycling stability of (e)
PEDOT lm and (f) PEDOT/GO hybrid lm was studied by
consecutive cyclic voltammetry to 200 cycles.

There was only a slight decrease in the current for the
PEODT/GO hybrid lm while the current decline was large for
the pristine PEDOT lm. The anodic peak current and cathodic
peak current dropped for PEODT/GO hybrid lm by 42% and
17%, respectively, while the anodic peak current and cathodic
peak current for PEDOT lm dropped by 91% and 71%,
respectively. With increasing cycles, shis were observed for the
oxidation peak and reduction peak of the pristine PEDOT
nanostructures indicating irreversible changes in the
13684 | RSC Adv., 2018, 8, 13679–13685
nanostructure caused by peroxidion and over-reduction. The
results indicate that the PEDOT/GO hybrid lm shows superior
circulatory stability and has a much better electrochemical
stability than the pristine PEDOT lm. It can be proposed that
the GO nanosheets act not only as a functionalized substrate for
the uniform growth of the PEDOT nanoparticles, but also as
a buffer layer providing sufficient space for the volume change
of the PEDOT during the redox process, which guarantees high
cycle stability.

ðPEDOTÞmþ : ðClO4Þm� �����������������! �����������������

Oxd
þnðClO4Þ�; � ne�

�nðClO4Þ� ; þne�
Red

ðPEDOTÞðmþnÞþ

: ðClO4Þmþn�

ðPEDOTÞmþ : ðGOÞm� �����������������! �����������������

Oxd
þnðClO4Þ�; � ne�

�nðClO4Þ� ; þne�
Red

ðPEDOTÞðmþnÞþ

: ðGOÞm�ðClO4Þn�

4 Conclusions

PEDOT nanoparticles/graphene oxide nanosheets hybrid
nanostructures have been obtained by an in situ electro-
polymerization technique. The hybrid nanostructures exhibit
much shorter response time (300ms for coloring and 400ms for
bleaching) than the pristine PEDOT nanostructured lm (1800
ms for coloring and 1500 ms for bleaching). And the coloring
efficiency is increased by 21.3% from 53.5 cm2 C�1 before
hybridization to 64.9 cm2 C�1 aer hybridization. Optical
contrast was increased by 34.2% from 23.4% before hybridiza-
tion to 31.4% aer hybridization. In general, the ECDs achieved
in this work have features of superfast response, superior
optical contrast and improved cyclic stability, which can be
applied in the smart window, smart displays, electronic papers
and many other elds that require quick response. In addition,
the in situ electro-polymerization method employed in this work
can be extended to hybridize graphene oxide with other
conductive polymer materials for electrochromic applications.
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