
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
1/

8/
20

25
 1

1:
06

:1
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Boosting the ele
Engineering Research Center for Titanium B

Universities of Shaanxi Province, Faculty o

Baoji University of Arts and Sciences, B

hello1207@163.com; bwldj2010@163.com

† Electronic supplementary informa
https://doi.org/10.1039/d4ra00979g

Cite this: RSC Adv., 2024, 14, 10298

Received 7th February 2024
Accepted 25th March 2024

DOI: 10.1039/d4ra00979g

rsc.li/rsc-advances

10298 | RSC Adv., 2024, 14, 10298–1
ctrochromic performance of
P-doped WO3 films via electrodeposition for smart
window applications†

Hongxi Gu, * Mengdi Tan, Ting Wang, Jiayi Sun, Juan Du,* Rong Ma, Wei Wang
and Dengwei Hu

Electrochromic smart windows have attracted more attention from researchers due to their potential

applications for energy conservation in buildings. As the most key component, the electrochromic layer

is still limited by the complexity of the preparation process and poor performance, such as lower

stability, slow response time, and low coloration efficiency. In this study, as a simple and expedient

method, electrodeposition is successfully used to prepare amorphous WO3 films doped with P. By

optimizing the amount of P in the PW-2 film, a large optical modulation of 80.8% at 550 nm is achieved,

and the P-doped amorphous WO3 film also shows a fast response time, a high CE, and good cycling

stability. The mechanism of the P-doped amorphous WO3 films to improve the electrochromic

properties is as follows. Firstly, by appropriate phosphorus doping, the stress of the film is released, and

the binding force is improved. Secondly, the films possess proper cracks, which accelerate the diffusion

of ions. Thirdly, the films make the nanoparticles more uniform, and provide more active sites.

Furthermore, the electrochromic smart windows based on the P-doped amorphous WO3 film display

a large temperature difference of 11 °C, which indicates good solar thermal regulation ability, and

promises practical applications for building energy conservation.
Introduction

Smart windows can control sunlight transmittance entering the
building under external stimuli, and are becoming a particu-
larly effective strategy for building energy conservation for
heating, cooling, and lighting.1–4 Smart windows mainly include
mechano-, thermo-, electro- and light-responsive smart
windows.5–7 Among them, electrochromic smart windows are
much favored which can realize active control of the quantity of
light entering as needed, whereas others suffer from passive
control. Electrochromic smart windows are composed of several
parts including an electrochromic layer, a transparent con-
ducting layer, an ion storage layer and a electrolyte layer.8,9 The
electrochromic layer is the most crucial component in deter-
mining the nal performance of electrochromic smart
windows, and thus many researchers go deeper into the fabri-
cation of an electrochromic layer with excellent properties.10 By
chemical vapor deposition, physical vapor deposition, dip- and
spin-coating from a liquid phase, hydrothermal synthesis and
ased Functional Materials and Devices in
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0303
electrochemical deposition, electrochromic materials are
traditionally deposited on transparent conducting layers to
fabricate electrochromic layers.11,12 Among these methods,
electrochemical deposition has the benets of costing less and
being easily prepared, and has been applied in energy catal-
ysis,13 batteries,14 sensors,15,16 and so on. The structure could be
simply controlled by changing deposition parameters, i.e.,
solution composition, electrochemical methods, and applied
voltage/current, whereas the electrochromic performance of the
lms prepared by electrochemical deposition should be further
improved due to the presence of surface defects, such as
microcracks, detachment, irregular burrs on the surface and
rough surfaces. Therefore, many approaches have been devel-
oped to improve the electrochromic performance of lms by
electrochemical deposition, and the use of elemental doping
and the combination of crystalline and amorphous phases have
been proven to be effective.17–22 By using a simple method of
pulsed-voltage electrodeposition, Quy et al. synthesized amor-
phous–crystalline dual-phase WO3 lms, which signicantly
improved the electrochromic performance.17 A novel
electrodeposition-assisted sol–gel method was used by Zhang
et al. to prepare amorphous/crystalline WO3 dual-phase lami-
nated lms. Due to the synergistic effect of amorphous/
crystalline WO3, the dual-phase laminated lm exhibited
excellent electrochromic performance.19 Amorphous Mo-doped
WO3 lms were produced by varying the amount of molybdate
© 2024 The Author(s). Published by the Royal Society of Chemistry
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during electrodeposition by Xie et al., and Mo-doped WO3 lms
exhibit remarkable coloration efficiency, fast switching speed,
and ne stability because of their doped Mo atoms and amor-
phous state.21 Gao et al. fabricated electrochromic tungsten-
doped molybdenum oxide composite lms, and an effective
W–O–Mo bonding connection appears to be facilitated by the
incorporation of tungsten atoms, which made the lms show
superior performance.22 However, the lms that contain
crystalline/amorphous phases oen require complicated prep-
aration procedures, the structure should be precisely control to
obtain good electrochromic properties. Elemental doping is
a more effective choice for electrochemical deposition, many
elements have been used for doping during the process of
electrochemical deposition, whereas the elements are noble
metal elements, which makes their higher cost and poorly
reproducible, there is urgent demand to nd low-cost elements
doping with good reproducible and electrochromic perfor-
mance. As a typical nonmetallic element, phosphorus (P)
doping can induce atter and smoother surfaces of coating
materials, and exhibit excellent functionality.23,24

In this study, by using peroxotungstic acid (PTA) solution as
the precursor, P-doped amorphous WO3 lms are successfully
prepared on ITO glass via the potentiostatic deposition process.
The thickness of the P-doped WO3 lms is controlled by the
deposition parameters, different P-doped amounts of the lms
are obtained by changes the dose of phosphoric acid. The
electrochromic properties of the lms are analyzed. Based on
morphological and structural properties, electrochemical active
sites, and charge- and mass-trajectories, the mechanism of the
lms enhanced electrochromic performance is discussed.
Moreover, the electrochromic devices are fabricated and the
smart window application of P-doped WO3 lms is demon-
strated, and shows extremely high application value and
practicability.
Experimental
Materials

Tungsten powder (W, 99.9%) was provided by Sigma-Aldrich.
Hydrogen peroxide (H2O2, 30%) was acquired from Tianjin
Damao Reagent Factory, phosphoric acid (H3PO4, 85%) was
purchased from Comio Chemicals, propylene carbonate (PC),
and lithium perchlorate (LiClO4, 99% anhydrous) were
purchased from Sinopharm Chemical Reagent Co., Ltd. All
chemicals were used as received. Indium tin oxide (ITO) coated
glass (7–10U sq−1) was purchased from Zhuhai Kaivo Electronic
Components Co., Ltd. The platinum mesh (30 × 30 mm2) was
purchased from Shanghai Transcend Magnetic Electronics. The
deionized (DI) water (>18 MU) applied in the experiments was
produced in the lab.
Preparation of P-doped WO3 lms

The precursor solution for electrodeposition was prepared by
dissolving 1.8 g tungsten powder in 60 mL of 30% hydrogen
peroxide. The excess hydrogen peroxide was subsequently
decomposed using a platinummesh. When the excess hydrogen
© 2024 The Author(s). Published by the Royal Society of Chemistry
peroxide was completely decomposed, the precursor solution
turned yellow with some precipitates. The sediments were
ltered by centrifugation (8000 rpm, 5 min) to obtain a claried
solution for WO3 deposition. To obtain different P doped
amounts of the P-doped amorphous WO3 lms, different
amounts of 1 mol L−1 H3PO4 were added to the precursor
solution (3 mL).

Aer ultrasonic cleaning with DI water and 2-propanol, ITO
glass (2 × 0.8 cm2) was boiled in the solution (hydrogen
peroxide : ammonia : DI water = 1 : 1 : 5) for 1 h at 80 °C, at last,
rinsed with deionized water and blown dry using the air pump.
A conventional three-electrode system with the ITO glass as the
cathode, Pt wire as the counter electrode, and Ag/AgCl electrode
as the reference electrode was used for constant potential
electrodeposition by an electrochemical workstation (Chi-
1240C). With the purpose of controlling the thickness of the
P-doped amorphous WO3 lms, the lms were prepared by
constant voltage deposition (CVE) mode. The experimental
conditions of constant voltage l electrodeposition are as follows:
−0.5 V, 300–1500 s.
Fabrication of ECD

P-doped amorphous WO3 lm was assembled into an ECD with
a conguration of ITO glass/WO3 lm/1 M PC/LiClO4/ITO glass,
and a 2 mm-thickness of Nano transparent double-sided
adhesive tape was used to seal the device.
Results and discussions

Fig. 1(a) shows the P-doped WO3 lms are fabricated using PTA
solution and phosphoric acid as raw materials by the poten-
tiostatic deposition. The lms with different addition of phos-
phoric acid (1 mol L−1) are abbreviated as PW-0 (0 mL), PW-1 (20
mL), PW-2 (40 mL), PW-3 (60 mL) and PW-4 (100 mL). From
Fig. 1(b), all the lms show a broad diffraction peak between 25°
and 40° when excluded diffraction peaks of ITO, which reveal
amorphous WO3 lms prepared. Despite the many advantages
of amorphous WO3 lm, including high optical modulation,
fast switching speed, and high coloration efficiency, it has
a loose structure and low chemical stability, and it is also
limited by stresses in practical applications, which can lead to
warping and cracking of the lms. It is still restricted from
practical application for the stress, these stresses can cause the
lm to warp and crack.12,25 To obtain the similar thickness of the
lms, the deposition times are regulated as follows: the PW-
0 lm (500 s), the PW-1 lm (500 s), the PW-2 lm (600 s), the
PW-3 lm (800 s), the PW-3 lm (1000 s) and the PW-4 lm
(1400 s). The thicknesses of the PW-0, PW-1, PW-2, PW-3, and
PW-4 lms are 569 nm, 524 nm, 500 nm, 478 nm, and 285 nm,
respectively. Except for the PW-4 lm, the other lms control
the dynamic range from 478 nm to 570 nm, as shown in Fig. 1
and S1.† The PW-0 lm is composed of irregularly agglomerated
small nanoparticles, and the surface is quite rough, and the lm
is highly susceptible to cracking and peeling (Fig. 1(c) and (d)).
According to Fig. 1(e) and (f) and S1,† with the addition of
phosphoric acid, the gaps of the WO3 lms become smaller, the
RSC Adv., 2024, 14, 10298–10303 | 10299
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Fig. 1 (a) Schematic diagram of the formation process for the P-doped amorphous WO3 films by a three-electrode system. (b) XRD patterns of
the films. SEM images of (c and d) the PW-0 film and (e and f) the PW-2 film (insets: cross-sectional SEM images of the films).
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PW-3 and PW-4 lms have at surfaces and no obvious cracks.
Normally, gaps or cracks in the lms critically affect electro-
chromic performance, if gaps or cracks are too large or too
much, the stability of the WO3 lms may be particularly poor,
while at surfaces affect the electron/ion transport of the lms,
resulting in slow switching time and low coloration efficiency.
From the above results, PW-2 may have good electrochromic
performance due to moderate cracks and smooth surfaces
(Fig. 1(e) and (f)).

According to Fig. 2(a), W, P, and O are uniformly distributed
throughout the PW-2 lm, which is in agreement with the EDX
spectra (Fig. S2c†). The phosphorus content of the ve lms is
gradually increasing, which conrms the successful doping of
phosphorus into the samples (Fig. S2a–e†). According to the
TEM images and SAED pattern in Fig. 2(b) and (c), the PW-2 lm
Fig. 2 (a) EDS mapping images of the PW-2 film. TEM image (b) and HR
High-resolution XPS spectra of W 4f (d), O 1s (e), and P 2p (f) peaks of th

10300 | RSC Adv., 2024, 14, 10298–10303
is composed of small nanograins with a size distribution of 4.0–
8.0 nm, HRTEM image and SAED pattern show an amorphous
granular appearance, and no obvious structure is observed,
particularly SAED pattern displays wide rings. Furthermore, XPS
measurements of the PW-2 lm are also used to conrm its
chemical composition and valence state. As shown in the XPS
survey spectrum, W, O, P, In, and C elements are present in the
PW-2 lm (Fig. S2e†). By using the C 1s binding energy (BE) as
the reference, high-resolution XPS spectra of W 4f, O 1s, and P
2p peaks of the PW-2 lm are shown in Fig. 2(d)–(f). The peaks
of W 4f could be deconvoluted intoW 4f5/2 andW 4f7/2 at 37.7 eV
and 35.6 eV, which can be assigned to W6+ of the PW-2W lm.26

In O 1s spectra, two peaks at 530.6 eV and 532.6 eV are relevant
to the O–W and O–C bonds.27,28 For the P 2p spectra, the peak
can be divided into three peaks, the peak at 133.6 eV refers to
TEM image (c) of the PW-2 film (inset: SAED pattern of the PW-2 film).
e PW-2 film.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the P–O bond, while the peak at 130.2 eV belongs to the P–W,29,30

indicating the doped P atoms are almost in the PW-2 lm,
matched with the results detected by EDS.25

The electrochemical and electrochromic properties of the P-
doped WO3 lms are evaluated in 1 mol L−1 LiClO4/PC, as
shown in Fig. 3 and ESI.† Fig. 3(a) and S3(a)† exhibit the cyclic
voltammogram (CV) of the P-doped amorphous WO3 lms at
a scan rate of 60 mV s−1, the electrochromic properties of the
lms are closely related to the area and the peak current of the
CV. Among the P-doped amorphous WO3 lms, the PW-2 lm
possesses the highest current and the largest area, which could
show excellent electrochromic properties. The area and the
peak current of the PW-3 lm decrease signicantly, showing
the amount of added phosphoric acid is not themore the better,
the PW-4 lm further supports the results. Aer 200 cycles, the
PW-2 lm displays good cycle stability and high current density,
while the PW-0 lm has peeled off in this process, and the area
of the PW-0 lm becomes very small. Fig. 3(b) shows the
Fig. 3 (a) Cyclic voltammograms of the P-doped amorphousWO3 films a
the P-doped amorphous WO3 films in colored state at −1 V and bleache
films. (d) Optical density vs. the charge density of the P-doped amorphou
the PW-2 films tested by chronoamperometry for 1000 cycles. (f) Nyqui
10 Hz to 105 Hz. (g) The cathodic peak current as a function of the squ
Scheme of the action mechanism of the P-doped amorphous WO3 film

© 2024 The Author(s). Published by the Royal Society of Chemistry
transmittance spectra of the PW-0 and PW-2 lms under
a potential of ±1 V, the PW-2 lm has a larger optical modu-
lation (DT = 80.8% at 550 nm) due to cathodic coloration upon
Li+ ion intercalation, the inset picture displays the colored and
bleached states, while the PW-0 lm only shows 32.7%, and the
optical modulation of the PW-1, PW-3 and PW-4 lms are
76.7%, 68.5% and 21.4% (Fig. S3b–d†).

The PW-0 lm is loss of electrochromic function aer 10
cycles under the alternating potential of ±1 V with 100 s per
step, the optical modulation disappears due to the detachment
of the lm, and the PW-2 lm still has excellent optical modu-
lation (Fig. S4†). P-doped amorphous WO3 lms are analyzed
separately at 550 nm, where response times are dened as the
time to reach 90% of the transmittance modulation. According
to Fig. 3(c) and S5,† the coloration time (tc) and bleaching time
(tb) of the PW-2 lm are 6.0 s and 8.0 s, faster than the PW-0 lm
(tc= 28.4 s, tb= 2.4 s), the PW-1 lm (tc= 25 s, tb= 6.0 s) and the
PW-3 lm (tc = 8.0 s, tb = 10.0 s). The PW-4 lm is less stable
t a scan rate of 60mV s−1 in 1 M LiClO4/PC. (b) Transmittance spectra of
d state at 1 V. (c) The response times of the P-doped amorphous WO3

s WO3 films at 550 nm with a potential of −1.0 V. (e) Cyclic stability of
st diagrams of the P-doped amorphous WO3 films at the frequency of
are root of scanning rate for the P-doped amorphous WO3 films. (h)
s.

RSC Adv., 2024, 14, 10298–10303 | 10301
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Fig. 4 (a) Schematic illustration of the ECD structure. (b) Trans-
mittance spectra of the ECD in the colored and the bleached states. (c)
Digital images of the colored and bleached states of the ECD. (d)
Photos of the colored and bleached states of the model house. (e) The
temperature evolution of the model house over time in the colored
and the bleached states.
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than the PW-0 lm, and the response times cannot be obtained.
As a pivotal parameter to evaluate the electrochromic material,
the CE relates the charge-per-unit-area to the change in optical
density (OD), which can be calculated as follows.

CE ¼ DOD=ðQ=AÞ ¼ logðTt=TcÞ
ðQ=AÞ (1)

DOD is the optical density, (Q/A) is the charge capacity per area,
Tt and Tc are the transmittance in the bleached and colored
states at 550 nm, respectively. According to eqn (1), the CE of the
PW-2 lm is 53.00 cm2 C−1, it is worth mentioning that the PW-
2 lm displays the highest CE compared with all the other lms,
as shown in Fig. 3(d) and S6.† Furthermore, the cycling stability
of the PW-2 lm is recorded under the alternating potential of
±1 V with 50 s per step. The PW-2 lm shows good cycling
stability, the optical modulation of the PW-2 lm is still 65.38%
aer 1000 cycles (Fig. 3(e)), and the transmittance of the PW-2
lm increase, which can be attributed to the prolonged inser-
tion and detachment of ions, leading to the enlargement of
cracks on the surface of the PW-2 lm.

There are several reasons why the PW-2 lm exhibits
outstanding electrochromic properties (Fig. 3(h)). (1) The
appropriate amount of P doping can improve the binding force,
which dramatically enhances the stability of the lm (Fig. 1 and
S1†). (2) The surface of the PW-2 lm possesses the proper
cracks, the cracks ensure the integrity of the lm, meanwhile
the efficiency of the ion diffusion and charge transfer in the
electrochromic process can be signicantly improved, which
leads to shorten the response times and increase the optical
modulation. Fig. 3(f) and S7† depict the EIS spectra of the lms,
the PW-2 lm shows the shortest semicircle radius, which
indicates the lowest charge-transfer resistance. When the
phosphoric acid dosage was too little or too much, the charge
transfer rate of the lm was slower. (3) Compared with the PW-
0 lm, P-doped induces the nanoparticles of the WO3 lms
more uniform without signicant aggregation, as shown in
Fig. 1(c)–(f), 2(a)–(c) and S1.† The nanoparticles not only can
offer more electrochemical active sites, but also make ion
diffusion and charge transfer more efficient. Calculating the
Randles–Sevick equation based on voltammograms measured
at different scan rates suggests that the intercalation/
deintercalation of Li+ in the PW-2 lm is easier than in the
PW-0 lm (Fig. 3(g)). At last, combining the inherent advantage
of the amorphous phase, can greatly improve CE. Furthermore,
Table S1† dislpays the electrochromic performance comparison
with other previously reported works, which indicates the PW-2
lm possesses excellent performance and has positive practical
application.

An electrochromic device (ECD) is developed to evaluate the
practical values in smart windows, especially for solar-heat
regulation performance. The ECD is fabricated by the PW-2
lm as the electrochromic layer, 1 mol L−1 LiClO4/PC as the
electrolyte, as shown in Fig. 4(a). Fig. 4(b) and (c) display the
electrochromic performance of the ECD, the ECD exhibits
a reversible color-switching process at different potentials (1 V
100 s, −2.7 V 100 s), the optical modulation of the ECD reaches
77.0% at 550 nm (15.7% at colored state and 92.6% at bleached
10302 | RSC Adv., 2024, 14, 10298–10303
state) and 83.0% at 1000 nm (88.0% at colored state and 5% at
bleached state), which presents wonderful visible light and
near-infrared light shielding. To evaluate the solar-heat regu-
lation performance, the ECD is embedded into a model house,
and an electronic thermometer is used to record the tempera-
ture changes inside the model house, the colored and bleached
states are shown in Fig. 4(d) at applied potentials of −2.7 V for
100 s and 1.0 V for 100 s, respectively. A xenon lamp source is
used as the simulated solar light, and the temperature of the
model house is about 28 °C before irradiation (Fig. 4(e)). When
the light source illuminates the model house, the indoor
temperature increases to 58 °C aer 30 min of photo-irradiation
under the bleached state, while the indoor temperature is only
47 °C in the colored state. The temperature difference is
constant at 11 °C when the time is prolonged to 50 min, which
validates the PW-2 lm has excellent solar-heat regulation
performance.
Conclusions

In summary, a series of P-doped amorphous WO3 lms have
been successfully prepared using the electrodeposition method.
Among the P-doped amorphous WO3 lms, the PW-2 lm
exhibits the most excellent electrochromic properties, which
shows large optical modulation (80.8% at 550 nm), fast
response times (6.0 s for coloration and 8.0 s for bleaching),
high CE (53.00 cm2 C−1) and good cycling stability (1000 cycles).
The mechanism of the outstanding electrochromic perfor-
mance can be attributed to moderate P doping and amorphous,
which can decrease the stress, improve the binding force,
possess the proper cracks make the nanoparticles more
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
uniform, and therefore accelerate the diffusion of ions and
promote charge transfer dynamics. Moreover, the ECD which is
fabricated by the PW-2 lm, displays superb solar thermal
regulation ability compared with the blank ITO. Finally, the
ECDs fabricated by P-doped amorphous WO3 lms have good
prospects for application in electrochromic smart windows.
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