Effect of post-annealing on structural and
electrochromic properties of Mo-doped

V105 thin films

W. Yong, H. L. Zhang, H. T. Cao,
T. Tian, J. H. Gao, L. Y. Liang & F. Zhuge

Journal of Sol-Gel Science and
Technology

ISSN 0928-0707
Volume 77
Number 3

J Sol-Gel Sci Technol (2016) 77:604-609
DOI 10.1007/s10971-015-3889-8

JOURNAL OF

SOL-GEL

SCIENCE AND TECHNOLOGY

E== OFFICIALJOURNAL OF THEJINTERNATIONAL SOL-GEL SOCIETY

-~ . -—
g A journal devoted to sol-gel and so]u'ﬁmrﬁd inorganic and hybrid materials
- - "“!r P

N
NG

Co-Editors N

Florence Babonneé& =
Bakul Dave \ —
Yunfa Chen e -
Kazuki Nakanishi .

Special Section and

Reviews Editor
John Bartlett

@ Springer



Your article is published under the Creative
Commons Attribution license which allows
users to read, copy, distribute and make
derivative works, as long as the author of
the original work is cited. You may self-
archive this article on your own website, an
institutional repository or funder’s repository
and make it publicly available immediately.

@ Springer



J Sol-Gel Sci Technol (2016) 77:604-609
DOI 10.1007/s10971-015-3889-8

@ CrossMark

ORIGINAL PAPER

Effect of post-annealing on structural and electrochromic
properties of Mo-doped V,0s5 thin films

W. Yong"? « H. L. Zhang® - H. T. Cao?® + T. Tian> - J. H. Gao” - L. Y. Liang® -

F. Zhuge?

Received: 13 July 2015/ Accepted: 5 October 2015/ Published online: 12 October 2015
© The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract The effect of post-annealing on the structural
and electrochromic properties of the Mo-doped V,0Os5 thin
films was investigated in this paper. With varying the
annealing temperature, the interlayer distance is increased
from 1.16 (as-deposited) to 1.38 nm (annealing at 250 °C),
and the enlarged interlayer spacing would facilitate ion
movement in between the interlayers inside the elec-
trochromic matrix. Therefore, both the optical modulation
and color efficiency of the Mo-doped V,0s5 thin films are
enhanced after appropriate post-annealing treatment. Our
results demonstrate that Mo-doped V,05 material is one of
the promising candidates to be used in multi-color elec-
trochromic devices.

Graphical Abstract The ability to modulate optical
transmittance of the Mo-doped V,Os5 thin films is greatly
enhanced by means of the larger interlayer distance after
annealing.
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1 Introduction

The electrochromic (EC) thin films have drawn great
attentions over the past 50 years due to their numerous
applications such as smart windows, auto rearview mirrors,
large-area displays, color glasses, and space shuttles [1-5].
In particular, electrochromic material-based devices have
multiple advantages such as low-voltage operation, low-
energy consumption, low-carbon green, and memory effect
without power supply. Organic or transition metal oxide
thin films are commonly used as the electrochromic layers.
For example, Shaplov et al. [6] have reported all-polymer-
based electrochromic devices (ECDs) using polymeric
ionic liquids and poly (3,4-ethylenedioxythiophene)
(PEDOT) thin films as the ion conductor and EC layers,
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respectively, demonstrating fast switching time (3-5 s),
high coloration efficiency (up to 430 cm?/C), and satis-
factory optical contrast (up to 28.5 %). Recently, organic
ECDs composed of poly(1,4-bis(2-(3,4-ethylenedioxythio-
phene))naphthalene) and poly(2,6-bis(2-(3,4-ethylene-
dioxythiophene))naphthalene) have been constructed [7],
exhibiting reasonable optical contrasts and fast response
time. However, organic electrochromic materials are
always limited by long-term reliability, which is the bot-
tleneck for real applications [8, 9]. Alternatively, transition
metal oxides such as tungsten, vanadium, titanium,
molybdenum, and nickel oxides could circumvent such
circumstance. Among these inorganic materials, vanadium
oxide thin films have been gained great interests, owing to
their multi-color electrochromic behaviors [10]. V,05 thin
films can be fabricated using either physical vapor depo-
sition techniques (such as magnetron sputtering [11],
pulsed laser deposition [12]), or solution-based techniques
(such as sol-gel [13], spin coating [14], and electrochem-
ical deposition). Structural and EC properties of the V,05
thin films depend not only on the deposition parameters but
also post-annealing processes. For instance, it was
demonstrated that [15] annealing treatment has a great
impact on the optical and microstructural properties of the
nanocrystalline V,05 thin films. The annealing-induced (at
500 °C) pore structure could improve the charge/discharge
rate efficiently. A multi-color electrochromic Mo-doped
V5,05 thin films with layered structure had been success-
fully prepared via electrochemical deposition method [16];
however, the effect of post-annealing on structural and
electrochromic properties of the Mo-doped V,Os thin films
has not been clarified yet.

In this paper, the effect of post-annealing on the struc-
tural and electrochromic properties of the Mo-doped V,05
thin films was investigated. The Mo-doped V,05 thin films
were characterized by X-ray diffraction (XRD), Raman
spectra, electrochemical workstation, and UV-Vis—IR
spectroscopy. It was revealed that the annealing process is
indispensible to improve the optical and electrochemical
properties of the EC films.

2 Experimental

The Mo-doped V,05 thin films were prepared by electro-
chemical deposition, as reported elsewhere. [17] The ITO-
coated glass and the platinum foil were used as the working
electrode and counter electrode, respectively. The Mo-
doped V,0s thin films were deposited potentiostatically by
applying a fixed potential of —0.3 V. After deposition, the
thin films were dried in air at room temperature. The as-
deposited Mo-doped V,0s5 thin films were annealed in air

at different temperatures of 150, 200, 250, and 300 °C for
2 h and then cooled down naturally.

The microstructure and optical properties of the Mo-doped
V,05 thin films were analyzed by X-ray diffraction [XRD,
Bruker D8 Advance using Cu-Ka (4 = 0.154178 nm)
radiation and a theta—2theta configuration], high-resolution
transmission electron microscopy (HRTEM,JEOL2100),
Raman spectra (Renishaw in Via Raman Microscope using
excitation laser with wavelength of 633 nm), and UV-
Vis—IR spectroscopy (PerkinElmer Lambda 950), respec-
tively. The cyclic voltammetry measurement was taken in
a potential range from +1.0 to —1.0 V with a scan rate of
50 mV s~'. 0.1 M LiClO, dissolved in propylene car-
bonate was used as the electrolytic solution. The thin films
were polarized by applying voltage at +1.0, +0.3, —0.3,
and —1.0 V for 40 s, respectively. The impedance spectra
were measured on an electrochemical workstation (Zen-
nium, IM6), covering the frequency range from 100 mHz
to 10 kHz.

3 Results and discussion

Figure 1a shows the XRD patterns of the Mo-doped V,05
thin films on ITO-coated glass. The (001) peak of the as-
deposited Mo-doped V,0s5 thin film is located at 7.6°,
while that of the Mo-doped V,Os thin films annealed at
150, 200, 250, and 300 °C is centered at 7.4°, 7.2°, 7.1°,
and 6.4°, respectively. Moreover, with increasing the
annealing temperature, the (00l) peak of the Mo-doped
V5,05 thin films is further shifted to the lower angles. The
(001) preferred orientation reveals that the Mo-doped V,05
thin films have a layered structure, which is beneficial for
ion injection and extraction [18, 19]. Besides, the diffrac-
tion peaks located at 21.3°, 30.0°, 34.8°, 50.4°, 60.1° are
attributed to polycrystalline ITO. The interlayer distance of
the Mo-doped V,0s5 can be calculated by the Bragg for-
mula [20]:

2d sin 0 = nl, (1)

where d is the interlayer distance, and 0, n, and 4 the
diffraction angle, the diffraction order, and the wavelength
of the X-ray, respectively. The interlayer distance of the as-
deposited Mo-doped V,0s thin film is calculated to be
1.16 nm, while that of the Mo-doped V,Os thin films
annealed at 150, 200, 250, and 300 °C is 1.20, 1.22, 1.25,
and 1.38 nm, respectively. These results are consistent with
the previous report [21]. It is obvious that the interlayer
distance is increased after annealing treatment. In addition,
the (001) peak intensity of the annealed Mo-doped V,05
thin films is attenuated with respect to the as-deposited
ones, which is in a good agreement with the previous
reports [17, 22]. The layered structure model of V,05 along
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Fig. 1 a XRD patterns of the a =
as-deposited Mo-doped V,05 (d) 5 = 8 s s ] (b)
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b Layered structure model of <
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¢ TEM and d HRTEM images 7
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the (001) direction is illustrated in Fig. 1b. Base-faced
square-pyramidal V,Os units are arranged in parallel with
an equal distance (d-spacing), as reported elsewhere [23].
The detailed morphologies of the 250 °C-annealed Mo-
doped V,Os thin films are further investigated by TEM
analysis, as presented in Fig. 1c, d. The layered structure of
the thin films is shown in Fig. 1c. Similar results have also
been observed for the layered Al-doped WO; thin films
[24]. The HRTEM image (Fig. 1d) of the thin film presents
clear fringes with a fringe spacing of 0.28 and 0.36 nm,
corresponding to the interplanar distance of (004) and
(003) lattice planes of V,05 (JCPDS # 52-0794), respec-
tively. Because the (004) and (003) peaks of the V,O5 are
broad and weak, or overlapped with the peak of crystalline
ITO (located at 34.8°), so the (004) and (003) peaks of the
V,05 are not observed in the XRD results.

Raman spectra of the thin films are illustrated in Fig. 2.
The peaks centered at 160, 266, 326, 511, 704, and
879 cm™! for the as-deposited Mo-doped V,Os films are
attributed to the V-0, bonds and V-O-Mo bonds. The
Raman peaks of the 250 °C-annealed Mo-doped V,05 films
are located at 162, 271, 328, 514, and 707 cm_l, which are
also corresponding to the V-O, and V-O-Mo modes. The
Raman peak shift (about +2 to +5 cm ™) after annealing is
believed to be due to the enhancement of the element dif-
fusion and the variation in interatomic forces, which is
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Fig. 2 Raman spectra of the as-deposited and 250 °C-annealed Mo-
doped V,Os thin films

coupling with the increase in the interlayer distance. In fact,
as reported previously [25], the annealing treatment would
trigger phase transition from VO, to V,0s due to the atom
diffusion enhancement. In our case, no stretching vibration
mode of V*"—O-V** located at 879 cm ™" is observed for
the Mo-doped V,0s thin films annealed at 250 °C, in line
with the previous literatures [26, 27].

Figure 3 displays the cyclic voltammograms for the Mo-
doped V,Os thin films annealed at 250 °C. There is no
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Fig. 3 Cyclic voltammograms of the 250 °C-annealed Mo-doped
V,0s films. The voltammograms were recorded with a 50 mV/s scan
rate from Ist to 50th cycle

obvious difference in the voltammetric responses of the
2nd, 5th, 10th, 20th, 30th, 40th, and 50th voltammetric
cycle. During the voltammetric measurement, the Mo-
doped V,Os5 thin films display multi-color electrochromic
behaviors, i.e., red—orange, dark green, blue, and purple
blue facade are clearly observed, as reported elsewhere
[28]. Enhanced intervalence charge transfer between Mo®+
and V>T/V*" states owing to the Mo-doping effect, along
with the charge transfer between V3* and V4+, can account
for the multi-color electrochromic characteristics of the
Mo-doped V,0s thin films.

Transmittance spectra and digital photographs of the
Mo-doped V,0Os thin films in different coloration states are
demonstrated in Fig. 4. The neutral form (at 0 V) of the
250 °C-annealed Mo-doped V,0s5 thin films is yellow in
color. Stepwise oxidation of the Mo-doped V,05 thin films
shows that the color is varied from purple blue (—1.0 V) to
red—orange (+1.0 V), while blue (—0.3 V) and dark green
(4+0.3 V) are also present at the intermediate state. The
transmittance variation in the as-deposited Mo-doped V,0s5
thin films is determined to be ranging from 18 to 27 % in
the spectral region of 600-850 nm. The maximal trans-
mittance difference (AT, [20] at 850 nm between the
bleached state and colored state is calculated to be 27 %
for the as-deposited specimen. In comparison, the trans-
mittance variation in the 250 °C-annealed Mo-doped V,05
thin film is ranging from 20 to 45 % in the spectral region
of 600-850 nm, and the AT,,,, at 850 nm is 45 %, which is
comparable with the previous literatures [29, 30]. The
better performance of the annealed thin films is believed to
be due to a larger amount of Li" ions and electrons
available to be involved into the electrochemical process,
in which the layered structure affords an opportunity for
the ions and electrons to be intercalated and deintercalated
more easily and reversibly.
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Fig. 4 Transmittance spectra of the Mo-doped V,0s thin films a as-
deposited and b annealed at 250 °C. ¢ Digital photographs of the
250 °C-annealed Mo-doped V,0s thin films at various coloration
states

Another important criterion for the electrochromic
materials is coloration efficiency (1), which is defined as
the optical density change in response to the stored charge
per unit area (i.e., square centimeter) during the coloration
process, as expressed in the following equation [31]:

n= AOD/Q = log(Tbleached/Tcolored)/q, (2)

where AOD is the change in optical density, q is inserted
(extracted) charge per unit area, and Tyieached a0d Teolored
are the transmittance of the film in the bleached state and in
the colored state, respectively. The coloration efficiency of
the as-deposited and annealed Mo-doped V,Os thin films is
calculated to be ~22.2 and ~42.7 cm® C™!, respectively.
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For the annealing case, the higher coloration efficiency is
consistent with the larger optical modulation.

Figure 5 displays the Nyquist plots of the 250 °C-an-
nealed Mo-doped V,0Os thin films at a potential of +1.0,
+0.3, —0.3, and —1.0 V. The charge transfer and the Li*
ions transport in the electrochemical process are described
by the Nyquist plots as follows.

At +1.0 V (Fig. 5a), the Mo-doped V,0s5 thin films
have an oxidation state, which is mainly composed of V"
centers [31]. Thus, the Mo-doped V,0s5 thin films show a
capacitive semicircle in the high-frequency region and
diffusion behavior in the low-frequency domain. At the
potential of +1.0 V, partial V°* ions are gotten reduced
along with the extraction of Li* ions from the Mo-doped
V,0s5 layers, resulting in a red—orange color. At +0.3 V
(Fig. 5b), a part of V°" jons in the Mo-doped V,Os thin
films are further reduced, displaying a dark green color. In
this case, a capacitive semicircle in the high-frequency
range and a straight line close to 90° at the low frequency
are obtained, suggesting that the electrochemical reaction
kinetics is controlled by the charge transfer between V>
and V** at high frequencies. At —0.3 V (Fig. 5¢), the plot
exhibits a capacitive semicircle in the high-frequency
region and a diffusion behavior in the low-frequency
domain, similar to the plot at the potential of +1.0 V. The
charge-transfer resistance of the Mo-doped V,0Os5 thin films
at —0.3 V is higher than that at +1.0 V. At —1.0V
(Fig. 5d), the plot demonstrates a semicircle in the high-
frequency region and a linear Warburg region in the low-

@ Springer

frequency region, which corresponds to the charge transfer
and ion diffusion, respectively. This indicates that a larger
number of V> are reduced into V4+, and then, V** centers
are formed in the Mo-doped V,Os thin films [28].

4 Conclusions

In summary, the effect of post-annealing on the structural
and electrochromic properties of the Mo-doped V,0Os5 thin
films was discussed. The optimum annealing temperature
in our study was found to be 250 °C. In comparison with
the as-deposited state, the interlayer distance was increased
from 1.16 to 1.38 nm after annealing at 250 °C, which
facilitates the reversible intercalation and deintercalation of
Li* ions. Resultantly, the coloration efficiency of the Mo-
doped V,0s thin films annealed at 250 °C was
42.7 cm? C™', while that of the as-deposited thin films was
22.2 cm? C~'. High-performance multi-color (red—orange,
dark green, blue, and purple blue) characteristics of the
Mo-doped V,0s5 thin films were simultaneously obtained.
All these results indicate that proper annealing treatment of
Mo-doped V,0s5 thin films is necessary to boost the elec-
trochromic performance.
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