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In the present study, V2O5 nanorod (VR)/graphene oxide (GO) nanocomposite ﬁlms that can be used as an
electrochromic (EC) material have been developed using the sol-gel spin-coating method. In order to optimize
the nanocomposite eﬀect of GO consisting of the VR ﬁlms on EC performances, we controlled the volume
percentage of GO compared to vanadium precursor to 0, 1, 2, and 3 vol%. With the increase of GO in VR ﬁlms to
2 vol%, the resultant ﬁlms exhibited a densely percolated structure, which was due to the nanocomposite eﬀect
of GO to generate the VR growth by an interaction with the oxygen-containing functional groups of GO. Due to
the eﬀect of optimized GO, the VR/GO nanocomposite ﬁlms fabricated with 2 vol% GO revealed fast switching
speeds (2.5 s for the bleaching speed and 1.4 s for the colouration speed). This was the result of an improved
electrical conductivity and ion diﬀusion coeﬃcient and high cycling retention of transmittance modulation
(94.90% after 500 cycles) stemming from the remarkable electrochemical stability of the ﬁlms as compared to
those of bare VR ﬁlms.

1. Introduction
With the ever-increasing development of various optoelectronic
devices, such as automobile sunroofs and mirrors, electronic displays,
and smart windows, electrochromic devices (ECDs) have attracted an
enormous interest. ECDs have unique properties of reversibly changing
the optical properties (colour, reﬂection, and transmittance) as the result of applied voltage [1–4]. A complementary ECD has a sandwichlike structure with ﬁve functionalized layers of cathodic and anodic
electrochromic (EC) layers, two transparent conducting layers, and an
electrolyte layer. The practical use of the ECDs requires considering
several aspects of their performance, such as transmittance modulation,
switching speed, colouration eﬃciency (CE), and cycling retention [5].
The current limitations in these parameters make it imperative to develop unique EC materials being in charge of reaction capacity and
kinetics during electrochemical behaviour. Among a variety of EC
materials developed thus far, vanadium oxide (V2O5) has been reported
to be a promising material. Vanadium oxide has exceptional EC characteristics that implement multicolour variation (blue-green-yellow) by
reversible ion insertion/extraction processes and use both anodic and
cathodic materials in the ECDs [6]. However, since V2O5 has low
electrical conductivity and ion diﬀusion coeﬃcient, which could
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degrade the EC performances, its practical use as a EC material in
practical industrial applications remains limited [7,8]. Eﬀective ways to
improve the EC performances using V2O5 include nanostructuring of
the ﬁlms to a short transport distance of ions and electrons and providing abundant electroactive sites during the electrochemical reaction,
such as nanorod, nanowire, and nanobelts [9–11]. In addition, another
eﬀective way to increase the electrical conductivity and relax the volume expansion of V2O5 during EC reactions is creating the nanocomposite of V2O5 with other materials (MoO3, NiO, and TiO2) so that
to accelerate the electrochemical reaction, which results in an improvement of the switching speed and the cycling retention of the ECDs
[12–14]. However, although these eﬀorts have been applied by many
research terms, none of these studies has reported the precise process of
nanostructuring V2O5 ﬁlms using GO for high-performance ECDs.
In the present study, we developed VR/GO nanocomposite ﬁlms
using the sol-gel spin coating method. Nanocomposite of GO oﬀer the
VR ﬁlm several beneﬁts, thereby enhancing electrical conductivity and
electrochemical stability by forming the interconnected network as a
backbone, thus forming a percolated ﬁlm structure to improve EC
performances. In addition, we also optimized the amount of GO to form
high-performance VR/GO nanocomposite ﬁlms by proving the relationship between their morphological, structural, chemical, and
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optoelectronic properties and EC performances.
2. Experimental
The VR/GO nanocomposite ﬁlms were fabricated using the sol-gel
spin-coating method. First, the sol-gel solutions for spin coating were
prepared by dissolving 0.1 M vanadium oxide (V2O5, Alfa Aesar) as a
vanadium precursor and 10 wt% polyvinylpyrrolidone (PVP,
MW = 1,300,000 g/mol, Aldrich) as an adhesion agent into a mixture
consisting of 95 vol% de-ionized (DI) water and 5 vol% hydrogen peroxide (H2O2, Junsei). After stirring, the obtained solutions were mixed
with the GO (MExplorer), where the volume percentage of the added
GO in comparison with vanadium precursor varied (0, 1, 2, and 3 vol%)
to optimize the percolation eﬀect of the GO on the VR ﬁlms. The resultant solutions were spin-coated on the FTO glass substrates
(Pilkington, 8.0 Ω/□) at the spin speed of 2000 rpm for 30 s, which
were annealed at 500 °C for 1 h under the air atmosphere, which resulted in obtaining four types of the VR/GO nanocomposite ﬁlms with
0, 1, 2, and 3 vol% GO (thereafter referred to as bare VR, VR/G1, VR/
G2, and VR/G3, respectively).
The morphological and topographical properties of the ﬁlms were
characterized using ﬁeld-emission scanning electron microscopy (FESEM, Hitachi S-4800) and atomic force microscopy (AFM,
diDimension™ 3100), respectively. The structural characterization of
the ﬁlms was investigated by X-ray diﬀraction (XRD, Rigaku D/
MAX2500V). The chemical binding states were analysed using X-ray
photoelectron spectroscopy (XPS, AXIS ultra-delay line detector
equipped with an Al Kα X-ray source, KBSI Daedeok Headquarters). The
bonding structure of GO was characterized by a Raman spectrometer
(JASCO NRS-5100) using the laser-excitation wavelength of 532.1 nm.
The electrical and optical properties were measured by a Hall-eﬀect
measurement (Ecopia, HMS-3000) and an ultraviolet-visible (UV-vis)
spectroscopy (Perkin-Elmer, Lambda-35), respectively. The measurement of electrochemical and EC performances was performed in a
three-electrode electrochemical cell composed with 1 M LiClO4
(≥95.0%, Aldrich) in propylene carbonate (anhydrous, 99.7%, Aldrich)
as the electrolyte, Pt wire as the counter electrode, and Ag wire as the
reference electrode using a potentiostat/galvanostat (PGSTAT302N,
FRA32M, Metrohm Autolab B.V., the Netherlands). The tracing of insitu optical properties was performed by ultraviolet–visible (UV–vis)
spectroscopy (Perkim–Elmer, Lambda–35) at the wavelength at
415 nm.
3. Results and discussion
Fig. 1 shows top-view FESEM images of (a) bare VR, (b) VR/G1, (c)
VR/G2, and (d) VR/G3, respectively. Bare VR reveals a rough ﬁlm
structure with vacant gaps between nanorod-shaped crystallites crosslinked together. With an increase of the amount of the GO for forming
the ﬁlms to 3 vol%, the ﬁlm structures gradually become more dense,
which can be attributed to the nanocomposite eﬀect of the GO acting as
reactive sites for the growth of the VR induced by the interaction with
their oxygen-containing functional groups, resulting thus in the formation of a densely percolated ﬁlm structure [15]. In addition, there is
a moderate decrease of the nanorod-shaped crystallite size from
92.5‒242.3 nm (avg. 160.0 nm) for bare VR to 59.5–226.2 nm (avg.
123.5 nm) for VR/G3, which is another piece of evidence of the accelerating percolation eﬀect of the ﬁlm structure [16]. The realization
of the densely percolated ﬁlm structure is also conﬁrmed by the TEM
results of VR/G2 peeled oﬀ from FTO glass substrate (see Fig. 1(e) and
(f)). It can be seen that the GO matrix was combined with nanorodshaped crystallites crosslinked together. In addition, the enlarged TEM
image further demonstrates that the crystallite with well-deﬁned lattice
spacing of ca. 0.43 nm, corresponding to the (001) interplane of orthorhombic V2O5, was perfectly covered with the GO matrix [17]. This
can imply that oxygen-containing functional groups of the GO interact

with the VR to form a strong linking between them, which is beneﬁcial
to the short ions diﬀusion path on the VR and prevents variation of
V2O5 lattice during the EC reactions [18,19]. In the AFM results shown
in Fig. 2, by performing nanocomposite of the GO with thickness of
4.81–5.28 nm (see Fig. 2a and S1a), the decrease in root-mean-square
roughness (Rms) of VR/G2 (22.2 nm, see Fig. 2c and S1c) as compared to
bare VR (30.6 nm, see Fig. 2b and S1b) was clearly observed, which is
due to the formation of the densely percolated ﬁlm structure. Therefore,
due to the high electrical conductivity and mechanical strength of the
ﬁlms, the nanocomposite of the GO for forming the VR ﬁlms can be
useful to ion transport and cycling retention of the ﬁlms during the EC
reaction [20].
Fig. 3a shows the XRD patterns obtained from bare VR, VR/G1, VR/
G2, and VR/G3. All ﬁlms reveal equally characteristic diﬀraction peaks
emitted at 20.2°, which corresponds to the (001) plane, of orthorhombic V2O5 (JCPDS No. 89–0612). The emitted peak of the ﬁlms was
broadened with an increase of the volume percentage of the GO used in
preparation of the ﬁlms (see Fig. S2a). This suggests that the grain size
of the V2O5 gradually decreased. This is evident when looking at the
values in the grain size of all ﬁlms (26.5 nm for bare VR, 24.4 nm for
VR/G1, 21.7 nm for VR/G2, and 19.0 nm for VR/G3 for bare VR) calculated by the Bragg's equation (nλ = 2dsinθ), which is consistent with
the SEM results. However, due to the relatively small amount of the GO
as compared to V2O5, the peaks related to the GO cannot be identiﬁed
in the XRD results. To characterize the existence of the GO in the ﬁlms,
we performed the Raman analysis (Fig. 3b). Compared to bare VR, the
ﬁlms with the GO exhibited both G band (1591.3 cm−1, E2g phonon of C
sp2 atoms) and D band (1365.6 cm−1, κ-point phonons of A1g symmetry); this ﬁnding is consistent with the results reported by Li et al.
and Sen et al. [16,21]. Speciﬁcally, the intensity of these bands increased from VR/G1 to VR/G3, which is a major evidence of an increasing amount of the GO with the sp2 domains in the ﬁlms [16]. In
addition, we used the XPS analysis to analyse the chemical states of the
ﬁlms by the nanocomposite of the GO with the V2O5. All binding energies were calibrated by C 1s (284.5 eV) as reference. In the XPS V 2p3/
2 spectra (see Fig. 3c), characteristic peaks of the ﬁlms were equally
emitted at 516.9 and 515.3 eV, indicating the binding energy of V5+
and V4+, respectively, related to the V2O5 phase [6]. From XPS C 1s
spectra (see Fig. 3d), two characteristic peaks of C-C (284.5 eV) and COH (286.2 eV) were observed; interestingly, there was a gradual increase in the percentage of C-OH corresponding to the hydroxyl group
as an oxygen-containing functional group from bare VR (13.4%) to VR/
G3 (23.6%). In addition, the phenomenon of an increase of the hydroxyl
group was also conﬁrmed from O 1s spectra (see Fig. S2b), where an
increased peak related to -OH emitted at 531.5 eV was observed with an
increase of amount of the GO in the ﬁlms. The increased amount of the
hydroxyl group on the ﬁlms can act as active sites directly linked to the
V2O5, resulting in an enhancement of Li+ transport capability to accelerate the EC switching reaction due to the improved wettability with
the electrolyte [22,23].
Fig. 4a shows the dependence of the GO on the electrical conductivity of the ﬁlms. In general, as a low-mobility n-type semiconductor, the V2O5 has a poor electrical conductivity (10−2-10−3 S/
cm), which of the main factor that contributes to the slow switching
speed of the ECDs [24]. Due to the rough ﬁlm structure with vacant
gaps, the electrical conductivity of bare VR was dramatically lower as
compared to the corresponding values reported in previous studies. For
the VR/GO nanocomposite ﬁlms, we observed that the electrical conductivity gradually improved with an increase of the amount of the GO,
which resulted from the formation of percolated ﬁlm structure to provide fast electron transport. In addition, the GO can also vary the optical bandgap (Eg) of the ﬁlms determined by extrapolating the linear
portion of the curve obtained from the following relationship (Eq. (1))
[25]:
(αhv)2 = D(hv – Eg)n
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Fig. 1. Top-view FESEM images of (a) bare VR, (b) VR/G1, (c) VR/G2, and (d) VR/G3 and (e) TEM image and (f) enlarged image of VR/G2.

Fig. 2. AFM images of (a) GO, (b) bare VR, and (c) VR/G2.

Fig. 3. (a) XRD curve, (b) Raman spectra, and XPS spectra of (c) V 2p3/2 and (d) C 1s obtained from all ﬁlms.
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Fig. 4. (a) Electrical conductivity and (b) optical bandgap of all ﬁlms.

Fig. 5. (a) CV curves measured in the potential range −0.5–1.0 V at scan rate of 20 mV/s and (b) peak current density obtained with a function of square root of scan
rate.

Table 1
Summary of EC performances measured from all ﬁlms.

Bare VR
VR/G1
VR/G2
VR/G3

Fig. 6. (a) in situ optical transmittance at 415 nm with respect to the application
of step potential between −0.5 and 1.0 V for 30 s and (d) variation of transmittance modulation at 415 nm as a function of the cycle numbers.

Tb (%)

Tc (%)

Transmittance
Modulation (%)

Colouration
speed (s)

Bleaching
speed (s)

65.28
64.82
64.13
63.94

22.68
23.83
23.21
23.16

42.60
40.99
40.92
40.78

5.6
3.4
1.4
2.3

6.0
5.2
2.5
4.1

where h is Plank's constant, v is photon frequency, and D is a constant.
As shown in Fig. 4b, due to the relatively lower optical bandgap
(Eg ≈ 0.50 eV) of the GO as compared to the V2O5 (Eg ≈ 2.67 eV),
narrowing of their optical bandgap was the result of the increased
amount of the GO (see Fig. 4b) [26,27]. Therefore, this variation in
electrical and optical properties of the ﬁlms can be directly related to
the EC performances, such as transmittance modulation and switching
speed.
To characterize the electrochemical behaviour of the ﬁlms with an
amount of the GO, we performed the CV analysis in the potential range
from −0.5–1.0 V at the scan rate of 20 mV/s using a three-electrode Pt
wire as the counter electrode, Ag wire as the reference electrode, and
1 M LiClO4 as the electrolyte (see Fig. 5a). For bare VR, there were
multiple steps of redox reactions in the potential range, with the two
well-deﬁned reduction peaks centred at 0.19 and −0.01 V relative to
the α/ε and ε/δ phase transitions, respectively, and the two well-deﬁned oxidation peaks at 0.14 and 0.33 V relative to the δ/ε and ε/α
phase transitions, respectively. These results illustrate the orthorhombic V2O5 to reversibly generate multistep Li+ intercalation/deintercalation processes (see Eq. (2)) [28]:

V2O5 (coloured) + xL+ + xe− ↔ Lix V2O5 (bleached)

(2)

Interestingly, the gradual potential separation from bare VR to VR/
G2, where the reduction and oxidation peaks shifted to higher and
lower potentials, respectively, was observed in the CV curves. These
12328
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ﬁndings suggest that the EC reaction activity of the ﬁlms improved due
to the increased eﬀect of the electrical conductivity. However, for VR/
G3, despite the highest electrical conductivity than that of the other
ﬁlms, there was a relaxed potential separation, which may be due to the
excessive amount of the GO in the ﬁlms to reduce the V2O5 as the main
material for the EC reaction [25]. This can be seen in the Li+ diﬀusion
coeﬃcient (D) of the ﬁlms obtained from the Randles−Sevcik equation
(see Eq. (3)) [26]:
Jp = 2.72 × 105 × D1/2 × Co × v1/2

(3)

where Jp is the peak current density, Co is the concentration of active
ions in the solution, and v is the sweep rate. By considering the CV
curves measured at scan rates in the range of 20–100 mV/s, the obtained Li+ diﬀusion coeﬃcients in intercalation and deintercalation
processes were 7.16 × 10−10 and 6.35 × 10−10 cm2/s for bare VR,
11.14 × 10−10 and 10.60 × 10−10 cm2/s for VR/G1, 17.92 × 10−10
and 16.80 × 10−10 cm2/s for VR/G2, and 15.28 × 10−10 and
13.39 × 10−10 cm2/s for VR/G3 (see Fig. 5b). Interestingly, these results show that VR/G2 possesses a higher value of Li+ diﬀusion coefﬁcients than those of the other ﬁlms, which can be ascribed to the
optimized amount of the GO in the ﬁlms to improve the EC reaction
activity of the V2O5.
The EC responses the ﬁlms, which are important performance indicators of the ECDs, were traced by measuring the in situ transmittance
at 415 nm at the repetitive step potentials of −0.5 V (the bleached
state) and 1.0 V (the coloured state) for 30 s. The curve (see Fig. 6a)
provides information about the transmittance modulation (△T = Tb ‒
Tc; Tb and Tc which are transmittances in the bleached and coloured
states, respectively) and the switching speed (deﬁned as the time to
reach 90% of the entire transmittance modulation at 415 nm) of the
ECDs are summarized in Table 1. For the transmittance modulation, the
slight narrowing from bare VR (42.60%) to VR/G3 (40.78%) was observed, which was due to the inactive EC reaction of the GO in the ﬁlms
[29]. However, the switching speeds gradually accelerated from bare
VR (6.0 s for the bleaching speed and 5.6 s for the colouration speed) to
VR/G2 (2.5 s for the bleaching speed and 1.4 s for the colouration
speed). Such fast switching speeds were induced by the optimized effects of the GO in the ﬁlms that accelerated the electrical conductivity
by the percolated ﬁlm structure and improved the Li+ diﬀusion coefﬁcient by a good wettability of the hydroxyl group. For VR/G3, despite
a relative higher amount of the GO, switching speeds were slower than
VR/G2 due to the excessive amount of the GO. Furthermore, the cycling
retention of the ECDs is a particularly important factor for practical use
in industrial applications [30]. Fig. 6b compares changing transmittance modulation between bare VR and VR/G2 during 500 cycling.
Compared to bare VR that showed a considerable degradation (17.40%)
of the transmittance modulation after 500 cycles, the VR/G2 had a
quite good EC cycling retention (94.90% after 500 cycles) with little
transmittance modulation (5.10%). This performance improvement is
mainly due to the noticeable electrochemical stability of the ﬁlms resulting from the formation of the percolated ﬁlm structure by the GO
with mechanical stability.

4. Conclusions
In the present study, we successfully developed the VR/GO nanocomposite ﬁlms to implement stable fast-switching electrochromic
performances by optimizing the volume percentage of the GO (0, 1, 2,
and 3 wt%). When optimized GO of 2 wt% was used to form the VR
ﬁlms, the elaborate formation of a densely percolated ﬁlm structure was
observed. Owing to the fast electron transport and high wettability of
the GO, the proposed method improves both electrical conductivity and
ion diﬀusion coeﬃcient. In addition, this unique ﬁlm structure can be
used to alleviate a physical change in the V2O5 lattices by a strong interaction with the GO characterized by a high mechanical stability. As a

result, fast switching speeds (2.5 s for the bleaching speed and 1.4 s for
the colouration speed) can be achieved for the VR/GO nanocomposite
ﬁlms fabricated with 2 wt% GO (VR/G2) due to their increased electrical conductivity and ion diﬀusion coeﬃcient, and the transmittance
modulation can retain 94.90% even after 500 cycles, which can be attributed to the percolated ﬁlm structure formed by the GO. Therefore,
we believe that the unique ﬁlm structure using the V2O5 is a promising
EC material that ensures highly stable fast-switching electrochromic
performance that is required in future-oriented application of the ECDs.
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