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In the present study, Fe-doped V2O5 ﬁlms showing impressive electrochromic (EC) performance were developed
using the sol-gel spin-coating method. To conﬁrm the optimized Fe-doping eﬀect on the V2O5 ﬁlms for the EC
performance, we adjusted the Fe atomic percentages to 0.0, 0.5, 1.0, and 1.5 at%, respectively. With the eﬀect of
Fe doping on the V2O5 ﬁlms, the obtained ﬁlms resulted in the formation of the oxygen vacancies. As the result,
when the optimum Fe atomic percentage was 1.0 at%, the enhanced switching speeds (3.7 s for the bleaching
speed and 2.0 s for the coloration speed) and enhanced coloration eﬃciency value (47.3 cm2/C) compared to the
other ﬁlms were implemented. This can be attributed to the improved electrical conductivity and Li+ diﬀusion
coeﬃcient that led to eﬃcient generation of the EC reaction activity and narrowing the optical bandgap at the
coloration state to increase transmittance modulation. Therefore, this unique ﬁlm can be a promising EC material to improve the performance for the EC devices.

1. Introduction
Due to the unique features such as revesible change of the optical
properties, including color, reﬂection, and transmittance, under the
behavior of voltage pulse, the electrochromic devices (ECDs) have received in enormous interest in terns of their use various applications,
such as automobile sunroofs and mirrors, electronic displays, and smart
windows [1,2]. Typical ECDs include the sandwich structure consisting
of ﬁve functional layers: the electrolyte layer, two transparent conducting layers, and the cathodic electrochromic (EC) layer and the
anodic EC layer [1–3]. For anodic EC layers, when a voltage is applied
to the ECDs, the cationic species (H+ and Li+) inject into the EC layer
to cause the bleaching of the devices. On the other hand, the ECDs
become colored again by extracting the species from the EC layer, as the
opposite voltage is applied to the devices [4,5]. Therefore, the EC layers
are the most fundamental component in ECDs that profoundly dominates the EC performances in terms of transmittance modulation, coloration eﬃciency (CE), and switching speed. Among well-known EC
materials are transition metal oxides such as tungsten oxide, vanadium
oxide (V2O5), titanium oxide, nickel oxide, and molybdenum oxide, all
of which are characterized by good electrochemical stability, high

reliability, and low cost [5,6]. Among these, V2O5 has attracted enormous interest as an exceptional EC material that can realize multicolor for the ECDs and can employed as both their anodic and cathodic
EC layers [7,8]. However, the practical applications of the V2O5 on the
ECDs are limited as compared to those of other metal oxides, as the
V2O5-based ﬁlms show low EC performances including narrow transmittance modulation, low coloration eﬃciency (CE), and slow
switching speed originating from their low electrical conductivity and
ion diﬀusion coeﬃcient [7,9,10]. Therefore, considerable eﬀort has
been invested to enhancing the EC performances through elaborate
modiﬁcation of morphological, crystallographic, and electronic properties of the V2O5-based ﬁlms [7–9,11,12]. In particular, the doping of
metal ions into V2O5 ﬁlms is expected to improve the EC performances
by variating valence vanadium state of V2O5 which can enhance their
electrical conductivity and ion diﬀusion coeﬃcient [7,12]. For example, Panagopoulou et al. controlled the concentration of Mg doping
on V2O5 ﬁlms using the RF magnetron reactive sputtering, reporting
fast switching speeds (4.0 s for the bleaching speed and 10.0 s for the
coloration speed) and wide transmittance modulation of 34.4% [12].
Furthemore, Lu et al. reported fabricating Ti-doped V2O5 ﬁlms using
electrochemical deposition, resulting in that doping condition of 4 mol
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% Ti on the V2O5 ﬁlms exhibited optimized EC performances including
the bleaching speed of 6.0 s, the coloration speed of 5.0 s, and transmittance modulation of 51.1% [7]. However, despite these enormous
eﬀorts, the research approach related to V2O5 ﬁlms doped with Fe
element for high-performance ECDs has not been reported yet.
Therefore, in the present study, we fabricated Fe-doped V2O5 ﬁlms
for high-performance ECDs using the facile sol-gel spin-coating method.
Thereafter, we veriﬁed the optimized EC performances with the degree
of Fe-doping on the V2O5 ﬁlms by proving the relationship between
morphological and electronic properties and EC performances.

3. Results and discussion
Fig. 1a shows the XRD patterns of the Fe-doped V2O5 ﬁlms formed
with diﬀerent Fe atomic percentages. Bare V2O5 represents speciﬁc
diﬀraction peaks at 20.2° and 41.1°, which correspond to the (001) and
(002) planes of orthorhombic V2O5 (JCPDS No. 89–0612), respectively.
It can be clearly seen that the peak intensity of the (001) plane gradually decreased with an increase of the Fe atomic percentage from 0.0
to 1.0 at%, which can be related to the eﬀect of Fe doping into V2O5. In
addition, as another evidence of Fe doping, there is a peak shift of the
(001) plane to lower 2θ value as the result of doping of Fe3+ with a
relatively higher ion radius (0.64 Å) than that (0.54 Å) of V5+ for the
V2O5 (see Fig. 1b) [7]. Therefore, this doping can act as a major factor
to vary their electronic properties due to the creation of oxygen vacancies along with the variation of V-O bond length by local mismatch
of dopant with the matric of cation charges [13]. However, for 1.5FeV2O5, the decreased peak intensity and relaxed peak shift (as compared
to that of 1.0Fe-V2O5) were observed, which may be due to the eﬀect of
the excessive Fe atomic percentages. This behavior was conﬁrmed by
the XPS results (see Fig. 2). All binding energies of the XPS spectra were
calibrated by C 1 s (284.5 eV) as reference. In Fig. 2a, the V 2p3/2 XPS
spectra display two couple of characteristic peaks; one emitted at
516.9 eV which corresponds to V5+; the other peak emitted at 515.3 eV
is related to V4+, indicating the successful formation of the V2O5
phases, as reported previously [14]. Interestingly, with an increase of
the Fe atomic percentage, the area ratio of V4+ to V5+ increased from
12.05% for bare V2O5 to 20.45% for 1.0Fe-V2O5. This result can be
attributed to an increase of the oxygen vacancies by the Fe doping into
V2O5 lattices, which matches well to the increased peaks related to the
oxygen vacancies emitted at 529.4 eV of O 1 s (see Fig. 2b) [15].
However, 1.5Fe-V2O5 shows a decreased area ratio V4+/V5+ (16.95%)
compared to that of 1.0Fe-V2O5 in despite of high Fe atomic percentage,
which is because of advent of Fe-O band related to Fe2O3 phase, formed
by a relatively excessive Fe atomic percentage (see O 1 s XPS spectra of
Fig. 2b) [16].
Fig. 3 shows top-view SEM images obtained from bare V2O5, 0.5FeV2O5, 1.0Fe-V2O5, and 1.5Fe-V2O5. Bare V2O5 (see Fig. 3a) has the ﬁlm
structure crosslinked with the nanorods in the length range of
211.2‒471.3 nm, in line with the accelerated (001) growth of the V2O5
induced by the coordinating interaction of the PVP with vanadium
precursors (see also the XRD results) [17]. With an increase of the Fe
atomic percentage, the length of nanorods became shorter: from
189.6‒401.1 nm for 0.5Fe-V2O5 (see Figs. 3b) to 169.9‒340.9 nm for
1.5Fe-V2O5 (Fig. 3d). This could have been caused by the increased
eﬀect of the Fe doping on the V2O5 to cause interference of crystal
growth by distortion of the V2O5 lattices [12]. Therefore, the XRD, XPS,
and SEM results clearly demonstrate the successful formation of the Fe-

2. Experimental
Fe-doped V2O5 ﬁlms were fabricated using the sol-gel spin-coating
method. First, the precursor 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 de-ionized (DI) water with 5 vol
% hydrogen peroxide (H2O2, Junsei), where the molar concentration of
vanadium precursor was ﬁxed as 0.1 M. Thereafter, iron (III) chloride
hexahydrate as the doping agent was added to the above-prepared solution. In order to investigate the Fe-doping eﬀect into the V2O5, we
adjusted the atomic percentages of Fe to V to 0.0, 0.5, 1.0, and 1.5 at%.
Then, the spin-coating of the solutions was performed on FTO glass
substrates (Pilkington, 8.0 Ω/□) at 2000 rpm for 30 s. In the next step,
all samples were annealed at 500 °C for 1 h under air atmosphere, resulting in the formation of the Fe-doped V2O5 ﬁlms with varied Fe
atomic percentages (thereafter referred to as bare V2O5, 0.5Fe-V2O5,
1.0Fe-V2O5, and 1.5Fe-V2O5).
The structural characterization of the resultant ﬁlms was investigated using X-ray diﬀraction (XRD, Rigaku D/MAX2500V). The
chemical binding state was analyzed using X-ray photoelectron spectroscopy (XPS, AXIS ultra-delay line detector equipped with an Al Kα Xray source, KBSI Daedeok Headquarters). The morphological properties
were characterized using ﬁeld-emission scanning electron microscopy
(FE-SEM, Hitachi S-4800). The electrical and optical properties were
measured by the hall-eﬀect measurement (Ecopia, HMS-3000) and ultraviolet-visible (UV–vis) spectroscopy (Perkin-Elmer, Lambda-35), respectively. The electrochemical and EC performances were measured
using a potentiostat/galvanostat (PGSTAT302N, FRA32M, Metrohm
Autolab B.V., the Netherlands) in the 1 M LiClO4 electrolyte with a
three-electrode electrochemical cell (Pt wire as the counter electrode,
and Ag wire as the reference electrode). In-situ optical properties related
to the switching speed and CE value were measured using ultraviolet–visible (UV–vis) spectroscopy (Perkim–Elmer, Lambda–35) in
the wavelength of 415 nm.

Fig. 1. (a) The XRD patterns and (b) magniﬁed patterns in the range of 18‒22° obtained from bare V2O5, 0.5Fe-V2O5, 1.0Fe-V2O5, and 1.5Fe-V2O5, respectively.
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Fig. 2. The XPS spectra obtained from (a) V 2p3/2 and (b) O 1 s for all ﬁlms.

doped V2O5 ﬁlms and accurate adjustment of the degree of Fe doping
on the V2O5 ﬁlms, which can lead to the improvement of the EC performance [18].
To conﬁrm the variation of electrical properties with diﬀerent Fe
atomic percentage applied to the V2O5 ﬁlms, we measured the electrical
conductivity of all ﬁlms coated using a bare glass substrate (Corning
EAGLE XG™). As shown in Fig. 4a, the value of the electrical conductivity gradually enhanced from bare V2O5 (1.62 × 10−7 S/cm) to
1.0Fe-V2O5 (2.75 × 10−7 S/cm), and then declined when Fe atomic
percentage was 1.5 at% (2.25 × 10−7 S/cm). These results imply that
1.0Fe-V2O5 has a higher electrical conductivity than the other ﬁlms
owing to the improved eﬀects of the oxygen vacancies by the optimized
Fe doping on the V2O5 that can eﬃciently transport the electrons and

Li+ in the V2O5 ﬁlms [16]. In addition, as another eﬀect of the Fe
doping, variation of the optical band gap for the V2O5 ﬁlms was observed. This was revealed by calculating the relationship between the
absorption coeﬃcient (α) and the incident photon energy (see Eq. (1))
[19,20]:

(αhv )2 = D (hv –Eg )n

(1)

where h is Plank's constant, v is photon frequency, D is a constant, and
Eg is the optical band gap. The Eg values obtained by extrapolation of
the linear region between (αhv)2 and hv are 2.705 eV for bare V2O5,
2.688 eV for 0.5Fe-V2O5, 2.661 eV for 1.0Fe-V2O5, and 2.674 eV for
1.5Fe-V2O5. The Eg narrowing from bare V2O5 to 1.0Fe-V2O5 is due to
the improved oxygen vacancies by increase of Fe doping to lift the

Fig. 3. Top-view FESEM images of (a) bare V2O5, (b) 0.5Fe-V2O5, (c) 1.0Fe-V2O5, and (d) 1.5Fe-V2O5.
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Fig. 4. (a) Electrical conductivities and (b) Tauc plots of bare V2O5, 0.5Fe-V2O5, 1.0Fe-V2O5, and 1.5Fe-V2O5.

Fig. 5. (a) The CV curves measured in the potential range −0.5–1.0 V at the scan rate of 20 mV/s, (b) peak current density as a function of the square root of scan
rate, (c) in situ optical transmittance at 415 nm with respect to the step potential applied at −0.5 and 1.0 V for 30 s, and (d) OD variation with the extracted charge
density for all ﬁlms.
Table 1
Summary of the EC performance obtained from all ﬁlms.

Bare V2O5
0.5Fe-V2O5
1.0Fe-V2O5
1.5Fe-V2O5

Tb (%)

Tc (%)

Transmittance modulation (%)

Bleaching speed (s)

Coloration speed (s)

CE (cm2/C)

66.66
66.63
66.72
66.61

23.81
21.15
20.43
21.94

42.85
45.48
46.29
44.67

6.0
4.4
3.7
5.3

4.6
3.0
2.0
3.5

31.2
45.7
47.3
40.5

which results from the formation of the Fe2O3 phase conﬁrmed from O
1 s XPS spectra (see Fig. 2c) [16]. Therefore, these results demonstrate
that the electronic properties of the V2O5 ﬁlms were successfully adjusted with the eﬀect of Fe doping that can directly aﬀect the EC

valance band of the V2O5, causing the absorption edge red shift to
decrease the transparency of the V2O5 ﬁlms at the coloration state [21].
However, for 1.5Fe-V2O5, the Eg value is observed to be improved as
compared to that of 1.0Fe-V2O5 despite high Fe atomic percentage,
7140
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performances including transmittance modulation, switching speed,
and CE value.
To investigate the eﬀect of Fe doping on electrochemical behavior of
the V2O5 ﬁlms during the EC reaction, the CV measurements were
performed in a three-electrode system with 1 M LiClO4 as the electrolyte, Pt wire as the counter electrode, and Ag wire as the reference
electrode in the potential range of −0.5–1.0 V at the scan rate of
20 mV/s (see Fig. 5a). In the case of the bare V2O5, the two well-deﬁned
reduction peaks centered at 0.21 and 0.01 V corresponding to the α/ε
and ε/δ phase transitions, respectively, and the two well-deﬁned oxidation peaks at 0.18 and 0.37 V corresponding to the δ/ε and ε/α phase
transitions, respectively, were observed. This is indicative of multistep
Li+ intercalation/deintercalation processes of the typical orthorhombic
V2O5 (see the reaction in Eq. (2)) [22]:

V2O5 (colored) + x Li+ + x e− ↔ Lix V2O5 (bleached)

CE =

(4)

where Q and A are the integration of the current within the colored
time and the given electrode area, respectively. That is, the desirable
ECDs possess a high CE value due to ability of the large optical modulation with a low charge density. Fig. 5d shows the curves of the OD
variation with respect to the extracted charge density at 415 nm. The
obtained CE values were 31.2 cm2/C for bare V2O5, 45.7 cm2/C for
0.5Fe-V2O5, 47.3 cm2/C for 1.0Fe-V2O5, and 40.5 cm2/C for 1.5FeV2O5. Therefore, 1.0Fe-V2O5 exhibited the highest CE value as compared to the other samples. This performance improvement was mainly
due to the optimized Fe-doping into V2O5, leading to widening of the
transmittance modulation (46.29%) caused from the decreased optical
bandgap at the coloration state at the extracted charge density.

(2)
4. Conclusion

As can be seen in the CV curve, with an increase of Fe atomic percentage, there were slight diminutions of the CV area originating from
redox peaks of the samples due to distortion of the V2O5, as proved by
the XRD peaks (see Fig. 1a). Interestingly, the potential separation with
position of the reduction and oxidation peaks shifted to higher and
lower potentials, respectively, gradually increasing from bare V2O5 to
1.0Fe-V2O5. This indicates the accelerated EC reaction activity in the
ﬁlms resulting from improved electrical conductivity. However, for
1.5Fe-V2O5, there is a relaxation of the potential separation due to
existence of the Fe2O3 phase, leading to a decrease of the EC reaction
activity [23]. This phenomenon is highly consistent with the results of
Li+ diﬀusion coeﬃcient (D) for the ﬁlms, which can be obtained from
the Randles−Sevcik equation (see Eq.(3)) [24]:

Jp = 2.72 × 105 × D1/2 × Co × v1/2

∆OD
A
T
= ⎜⎛ ) log ( b ⎞⎟
Q/A
Q
Tc ⎠
⎝

In the present study, we successfully fabricated Fe-doped V2O5 ﬁlms
to improve switching EC performances using the sol-gel spin-coating
method by adjusting Fe atomic percentages (0, 0.5, 1.0, and 1.5 at%).
As the eﬀect of Fe doping into V2O5, the remarkable features forming
oxygen vacancies on the ﬁlms were observed, which resulted in an
improvement of the EC reaction activity and narrowing of the optical
bandgap on the ﬁlms. As the result, the Fe-doped V2O5 ﬁlms fabricated
with Fe 1.0 at% achieved the enhanced EC performance with the
switching speeds and CE value. This performance improvement can
mainly be attributed to optimized eﬀects of Fe-doping into V2O5 ﬁlms;
the noticeable fast switching speeds (3.7 s for the bleaching speed and
2.0 s for the coloration speed) were due to the increased EC reaction
activity to improve the electrical conductivity and Li+ diﬀusion coefﬁcient; the high CE value (47.3 cm2/C) was related to a decreased optical bandgap at the coloration state to increase the transmittance
modulation (46.29%) with respect to a small extracted charge density.
Therefore, we contend that Fe doping on V2O5 ﬁlms can have a great
potential for application as a high-performance EC material of the
ECDs.

(3)

where Jp is the peak current density, Co is the concentration of active
ions in the solution, and v is the sweep rate. As shown in Fig. 5b, the
obtained Li+ diﬀusion coeﬃcients were 7.62 × 10−10 cm2/s for bare
V2O5, 10.80 × 10−10 cm2/s for 0.5Fe-V2O5, 11.36 × 10−10 cm2/s for
1.0Fe-V2O5, and 9.78 × 10−10 cm2/s for 1.5Fe-V2O5. These results indicate that 1.0Fe-V2O5 has the highest Li+ diﬀusion coeﬃcient among
those of the other samples (1.49 and 1.16 times in comparison with
bare V2O5 and 1.5Fe-V2O5, respectively). Such high value of Li+ diffusion coeﬃcient for 1.0Fe-V2O5 can be ascribed to the improved
oxygen vacancies resulting in an easy access to the EC reaction by optimized Fe-doping into V2O5 ﬁlms [18].
The investigation of the EC responses for the ﬁlms was performed by
tracing in situ transmittance at 415 nm by applying the step potentials of
−0.5 V (the bleached state) and 1.0 V (the colored state) to the devices
for 30 s. From the obtained curves (see Fig. 5c), the transmittance
modulation (△T = Tb ‒ Tc, where Tb and Tc are transmittances in the
bleached and colored states, respectively) and the switching speed
(deﬁned as the time to reach 90% of the entire transmittance modulation at 415 nm) were determined (see Table 1 for a summary). Due
to the decreased transmittance in the colored state by narrowing of the
optical band gap as an eﬀect of Fe doping into V2O5, the transmittance
modulation increased from bare V2O5 (42.85%) to 1.0Fe-V2O5
(46.29%). However, despite a relatively higher Fe atomic percentage,
1.5Fe-V2O5 reveals decreased transmittance modulation (44.67%) as
compared to 1.0Fe-V2O5 due to the existence of the Fe2O3 phases. In
addition, for switching speeds, with an increase of the Fe atomic percentage, the accelerated values at 1.0Fe-V2O5 (3.7 s for the bleaching
speed and 2.0 s for the coloration speed) was observed, which can be
attributed to an improvement of the EC reaction activity as a result of
the improved electrical conductivity and Li+ diﬀusion coeﬃcient by
the optimized eﬀect of Fe doping. Another important aspect for the EC
application is the CE value, deﬁned as the change in optical density
(ΔOD) by the reacted charge per unit area (Q/A). The CE value was
calculated using Eq. (4) [2,24]:
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