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Effect of Co-doping on the electrochromic
performance of hexagonal phase WOz nanorodsf
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Guohua Wu**P< and Xiangwei Wang*®®°

In this study, cobalt-doped hexagonal phase WOz nanorods were prepared by a template-free hydro-
thermal method. The effects of varying the cobalt doping concentration on the microscopic morphology
and electrochromic properties of hexagonal phase WOs films were investigated. Films synthesized with
the optimal cobalt element doping concentration demonstrate a notable improvement in their electro-
chromic properties compared to the pure hexagonal phase WOs films. The film doped with 1.5% Co
exhibited excellent cycling stability, retaining 98.55% of its original value after 500 cycles. The introduction
of cobalt results in the formation of a nanorod structure with a high specific surface area within the film.
This structure provides additional reaction sites for the electrochromic reaction process, thereby enhan-
cing the optical modulation and coloration efficiency of WOs. The resulting films with excellent electro-
chromic properties provide a convenient and effective means for ion-doped modification of WOz-based

rsc.li/dalton electrochromic films.

1 Introduction

In the context of the ongoing modernization of urban environ-
ments, energy consumption in building operations has
emerged as a significant social and environmental challenge.”
The deployment of energy-saving smart glass and the pro-
motion of green energy-saving technologies represent pivotal
initiatives in reducing heat loss from windows and doors,
thereby lowering overall energy consumption in buildings.*?
Energy-saving smart glass refers to materials that undergo
stable and reversible changes in their optical properties upon
the application of an external electric field or current. This is
evidenced by a reversible alteration in the transmittance of the
material in the visible and near-infrared wavelengths,” thereby
enabling subjective dynamic control of visible light. It is cur-
rently the most promising energy-saving smart window techno-
logy for large-scale commercial production. As a representative
inorganic electrochromic material, WO; has become a hotspot
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in the field due to its exceptional electrochromic properties
and diverse range of applications in related technical fields.>”
However, the lower optical modulation amplitude and unsatis-
factory cycling stability remain significant limitations for WO,
materials in advancing towards mature applications.®’
Therefore, to address the pressing issue of energy consump-
tion and to accommodate the evolving application scenarios,
the development of WO;-based electrochromic materials with
superior and comprehensive properties has become a primary
objective of contemporary research.

The optimization of WO;-based electrochromic materials
involves the enhancement of ion and electron insertion and
extraction processes, with a particular emphasis on the optim-
ization of ion insertion and extraction mechanisms. The
enhancement of the electrochromic performance of WO; relies
on improving ion conductivity and reducing ion trapping. This
may be accomplished through the manipulation of micromor-
phology, the adjustment of crystallinity, the introduction of
ion doping, and the design of composite structures.'®'!
Individual modification techniques typically target specific
properties, while a combination of methods is expected to
yield WO; electrochromic materials with superior overall
properties.

The physical phase structure of a crystal is a critical deter-
minant of the properties exhibited by a given material. The
crystal structure of WO; can be classified as one of four types:
cubic, monoclinic, orthorhombic, or hexagonal. These classifi-
cations are based on the different connections of the WOg
octahedra.' The diverse crystal structures exert a direct influ-
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ence on the process of ion insertion and extraction. In recent
years, there has been a notable increase in the number of
studies focusing on the modulation of the crystal structure of
WO;.">™* The objective of these studies has been to enhance
the electrochromic properties of WO; by introducing a hexag-
onal phase structure into the interior of the material.'**>"®
The hexagonal phase structure of WO; comprises numerous
triangular, tetragonal, and hexagonal channels, which facili-
tate enhanced ion transport rates and provide additional reac-
tion space for electrochemical reactions.'”'® Furthermore, the
small size and interstitial gaps of the material enable it to
withstand the stress and strain caused by the reaction process,
thereby avoiding the volume expansion that typically occurs
during electrochromic reactions. This ensures good cycling
stability and a higher reversible capacity for electrochromic
materials.'® Therefore, the incorporation of a hexagonal phase
structure within WO; represents a promising avenue for
improving its electrochromic properties. It is noteworthy that
numerous studies indicate that the morphology of the majority
of hexagonal WO; exhibits a one-dimensional (1D) structure,
particularly in samples synthesized via the hydrothermal
method."®?® Compared to WO; particles that have been syn-
thesized using the conventional hydrothermal method, 1D
nanostructures have been observed to possess advantages
such as higher specific surface areas, superior mechanical pro-
perties, enhanced substrate adhesion, and increased ionic
conductivity.>"*> Furthermore, these nanostructures generate
a substantial number of polarons and exhibit the localized
surface plasmon resonance (LSPR) effect, thereby enhancing
ion diffusion and absorption of visible and near-infrared light,
which is a highly desirable property in the field of electrochro-
mism.>® Nevertheless, the prefabrication of hexagonal WO; is
hindered by inherent complexities, and its electrochromic pro-
perties require further optimization.

In addition, ion doping of WO; represents an effective
method for enhancing its electrochromic properties, whereby
the internal crystal structure is modulated.**>*> Cobalt, with an
ionic radius similar to that of tungsten, can improve the ion
channels within the crystal structure without causing signifi-
cant lattice distortions.>® Furthermore, the introduction of
cobalt ions can create additional defective states within the
film, providing active sites for ionic redox reactions and
enhancing its cycling stability while also improving the optical
modulation amplitude.>’?® This approach is anticipated to
result in a mutual enhancement of the electrochromic
performance.

The simultaneous enhancement of the performance of
WO; electrochromic materials in terms of cycling stability,
optical modulation, and coloring efficiency poses a significant
challenge. This study proposes a novel approach for the prepa-
ration of doped hexagonal WO; nanorod thin films through a
one-step hydrothermal synthesis. The introduction of the hex-
agonal phase crystal ensures excellent cycling stability,
whereas the integration of a nanorod structure and Co doping
facilitates enhanced optical modulation and coloring
efficiency in WO; electrochromic materials. The simplified
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single-step hydrothermal process offers a streamlined
approach for composite modification, eliminating the complex
steps required for introducing hexagonal crystals via seed
layers. Hexagonal WO3 nanorods with varying Co doping ratios
have been successfully prepared. Among these, the 1.5%
cobalt-doped WO; film exhibits high transmittance modu-
lation, fast response time, large coloring efficiency, and good
cycling stability, making it an ideal candidate for energy-saving
smart glass.

2 Experimental section

2.1 Chemical reagents and materials

Tungsten acid (H,WO,), hydrogen peroxide (H,O,), hydro-
chloric acid (HCl), cobalt nitrate hexahydrate (Co
(NO3),-6H,0), lithium perchlorate (LiClO,), propylene carbon-
ate (PC), acetone, and anhydrous ethanol were purchased from
commercial sources and used without any further purification.
Fluorine-doped tin oxide (SnO,) glass substrates (25 x 50 x
2.2 mm) were chosen and cleaned using ultrasonication in
acetone, ethanol and anhydrous ethanol for 30 min, followed
by drying in an oven at 60 °C. The electrolyte used in this
study was 0.25 M LiClO,/PC solution.

2.2 Preparation of precursor solution

The synthesis of hexagonal WO; using solvothermal methods
has been previously reported.>® The specific preparation of the
precursor fluids used in this study is as follows: A solution of
2.5 g of H,WO, was prepared by dissolving the compound in a
mixture of 60 mL of deionized water and 20 mL of 30 wt%
hydrogen peroxide. The solution was then heated in a water
bath at 95 °C with continuous stirring. Once the solution had
become clear, deionized water was added to dilute the clarified
solution to a final volume of 200 mL, resulting in a precursor
solution of peroxotungstic acid (PTA) with a concentration of
0.05 M.

2.3 Preparation of Co-doped WOj; films

A solution comprising 6 mL of PTA, 1 mL of HCI (6 M), and
6 mL of acetonitrile was added to 24 mL of deionized water.
Then, different molar ratios of cobalt sources (0%, 0.5%, 1.0%,
1.5%, 2.0%) were introduced into the precursor solution and
stirred for 30 minutes at room temperature. This mixture was
then transferred into a 100 mL polytetrafluoroethylene hydro-
thermal autoclave liner. A cleaned FTO glass was placed in the
liner at a specific angle, with the conductive side oriented in a
downward direction. The autoclave was then heated to 180 °C
and maintained at that temperature for 12 hours. After the
reaction was completed, the FTO glass was removed, rinsed
with deionized water, and dried in an oven at 60 °C. Based on
the amount of cobalt source used, the prepared films were
labeled as WCo0-0%, WC0-0.5%, WC0-1.0%, WCo0-1.5%, and
WCo0-2.0%. The schematic diagram of the formation process is
shown in Fig. 1.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic diagram of the formation process of Co-doped WOz nanorods prepared by a hydrothermal method.

2.4 Characterization

The X-ray diffraction (XRD) analysis of the composites was con-
ducted using a Rigaku MiniFlex600 to determine their phases
and crystal structure. The XRD analysis was performed using
Cu Ka radiation with a scanning angle range of 10-80° and a
scanning speed of 5° min~'. The growth morphology and
microstructure of the films were characterized by scanning
electron microscopy (SEM, Zeiss Sigma 300) and transmission
electron microscopy (TEM, FEI Tecnai G2 F20). X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha) was
employed to analyze the elemental composition and valence
states in the films. Al Ka X-ray was used as the excitation
source in XPS instruments with #v = 1486.6 eV. The pass ener-
gies used for the full-spectrum scan and high-resolution scans
were 150.0 eV and 50.0 eV, with energy step sizes of 1.0 eV and
0.1 eV, respectively. When fitting the high-resolution XPS data
using the Thermo Advantage software, the binding energy of
C1s = 284.80 eV was used as the energy reference for charge
correction. The optical properties in the wavelength range
from 380 nm to 1100 nm and the response kinetics at a wave-
length of 633 nm were investigated by coupling a fiber optic
spectrometer (AvaSpec-vaLight-DH-S-BAL) and an electro-
chemical workstation (CHI660E), with applied voltages of —1.5
V and 0.5 V, respectively. The electrochemical properties of the
films were tested using a three-electrode system, comprising a
Pt sheet as the counter electrode, an Ag/AgCl electrode as the
reference electrode, an FTO glass with the electrochromic film
as the working electrode, and 0.25 M LiClO,/PC solution as the
electrolyte.

3 Results and discussion

In order to investigate the crystallinity and physical structure
of the thin films, the prepared WO; films were characterized
by X-ray diffraction (XRD). The XRD patterns of WO; thin films
with different cobalt doping contents are shown in Fig. 2. The
WO; films synthesized directly via hydrothermal methods on
FTO glass substrates match well with h-WO; (JCPDS 33-1387).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 XRD patterns of Co-doped WOs films with different Co
contents.

The characteristic diffraction peaks at 13.957°, 22.718°, 28.172°,
33.575°, and 36.572° correspond to the (100), (001), (200), (111),
and (201) crystal planes of the hexagonal phase structure, respect-
ively. It is noteworthy that the crystal structure of the films
remains unaltered with increasing cobalt doping ratios. Instead,
the intensities of the diffraction peaks were consequently
enhanced, indicating a tendency for preferential growth on the
(200) crystal plane.*® This suggests that the crystallinity of the
films increased following cobalt ion doping.*" In addition, the
introduction of cobalt ions resulted in the emergence of the
(=1012) crystalline surfaces in the XRD pattern, which corre-
sponded to monoclinic polycrystalline WO, g, (JCPDS 30-1387).
Furthermore, the (100) and (200) crystal planes of the films also
shifted to lower values with increasing cobalt ion contents. The
emergence of WO,4, and the alteration in the crystal plane
spacing provide compelling evidence for the successful introduc-
tion of cobalt ions into the WO; lattice.*?

Fig. 3 shows the SEM images of WCo0-0% and WCo-1.5%
nanorods at different magnifications. As shown in Fig. 3a and

Dalton Trans., 2024, 53,17221-17232 | 17223
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Fig. 3 SEM images of (a and b) WCo-0%, (c and d) WCo-1.5% with different magnifications.

b, the WCo0-0% nanorods exhibit a diameter of approximately
30 nm and a length range of 100-300 nm. Fig. 3c and d illus-
trate the morphology of WO; nanorods with 1.5% cobalt
doping (WCo-1.5%). Compared with pure WOs3, the cobalt-
doped WO; nanorods display a more irregular surface and
larger crystal sizes, with a diameter of approximately 100 nm
and lengths of 600-1000 nm. A comparison of the WO; films
with different cobalt doping ratios (Fig. S1f) reveals that the
surface of the WO; nanorods exhibits minimal alteration at a
doping content of 0.5% cobalt ions. Upon increasing the
doping content of cobalt ions to 1.0%, the formation of large-
sized nanorod structures within the film became evident.
Upon further increasing the cobalt ion doping content to
2.0%, the nanorods began to grow in a parallel arrangement,
forming a plate-like structure. Additionally, the average length
of the nanorods reached the micrometer scale. Furthermore,
the nanorod structure of the WO; films was well maintained
across different cobalt ion doping ratios.

The change in the crystal morphology is attributed to the
introduction of cobalt ions, which modifies the growth orien-
tation of a part of the nanorod structure. Consequently, a
denser arrangement of the nanorods and an increase in the
diameter of the nanorods in the transverse alignment direc-
tion are observed.?® At the same time, some of the WO; nano-
rods undergo optimal growth along the longitudinal direction,
resulting in an increase in the nanorod sizes. It is noteworthy
that the rough nanorod morphology facilitates an increased
contact area between the electrochromic material and the
ions, thereby allowing a large number of ions and electrons to

17224 | Dalton Trans., 2024, 53,17221-17232

complete the embedding and detachment process. The closely
aligned nanorod structure also enhances the structural stabi-
lity of the films, which plays an important role in improving
the cycling stability of the WO, films.>*?

The formation mechanism of the WO; nanorods can be
explained by the following chemical reaction equation:**

H,WO, + xH,0, — WO; - xH,0, - xH,O (peroxotungstic acid)
(1)
WOj3 - xH,0, - xH,O — WO3(nucleus) + (x + 1)xH,O + (1/2)x0, T
(2)

In the precursor solution, H,O, reacts with H,WO, to form
peroxotungstic acid (PTA). At 180 °C, the hydrothermal con-
ditions exceed the critical decomposition temperature of
PTA,** resulting in the formation of WO; nuclei on the surface
of the FTO substrate. These nuclei serve as growth sites for the
subsequent formation of rod-like structures.** The smaller lat-
tices, with their large specific surface areas, gradually accumu-
late on the surface of the FTO substrate, eventually forming
nanorod-like structures.>®

The microscopic morphology of the WCo0-0% and WCo-
1.5% films was investigated in detail using transmission elec-
tron microscopy. As shown in Fig. 4a, the nanorods of the
WCo0-0% films have a diameter of approximately 30 nm and
exhibit complete crystallinity along their entire length, charac-
terized by distinct lattice fringes. The corresponding high-
resolution transmission electron microscopy (HRTEM) image
in Fig. 4b reveals that the WO; nanorods have a lattice spacing

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 TEM images of (a) WCo-0% and (c) WCo-1.5% and (b and d) the corresponding HRTEM images.

of 0.39 nm, which correlates to the (200) crystallographic plane
of the hexagonal-phase WOj;. This suggests that the nanorods
grow preferentially along the (200) crystallographic direction,
which is consistent with the conclusions obtained from XRD
analysis.

Fig. 4c shows the morphology of WO; nanorods doped with
1.5% cobalt ions, demonstrating a notable increase in surface
roughness following the introduction of cobalt ions. This
observed roughness can be attributed to the presence of
defects and irregularities at the nanoscale, which are caused
by differences in the ionic radii between the ions.*® The
additional lattice defects and vacancies created by doping
facilitate further full contact with the electrolyte and provide
additional sites for ion insertion and removal.’” Additionally,
the lattice spacing of 0.40 nm, as observed in Fig. 4d, corres-
ponds to the (200) crystal plane of hexagonal WO;. The
observed increase in lattice spacing in the WCo-1.5% films can
be attributed to the introduction of cobalt ions, whereby Co>*
ions are incorporated into the WO, lattice, replacing W°®" ions.
Fig. 5 shows the EDX spectrum of WCo-1.5%, confirming the
presence of Co and its uniform distribution throughout the
Co-doped WO; nanorods.

X-ray photoelectron spectroscopy (XPS) measurements were
conducted to investigate the chemical composition of the
films at different cobalt ion doping concentrations. Fig. 6a
examines the chemical valence state of elemental W within the
film at various cobalt ion doping levels, showing that the spec-
tral peak of W4f shifts towards higher binding energies with
increasing cobalt ion doping contents. This shift is primarily
due to a change in the Fermi energy level resulting from the

This journal is © The Royal Society of Chemistry 2024

alterations in the concentration of oxygen vacancies. It is well
known that the presence of oxygen vacancies in the WO;
crystal structure introduces states between the forbidden gap
and the conduction band, resulting in a shift of the Fermi
energy level towards higher energies.’® The peaks at 35.5 eV,
37.6 eV, and 41.4 eV in the high-resolution XPS spectra of W4f
correspond to the W®'af,,,, W®'af;,,, and W®'5p;;, spin-orbit
double peaks, respectively.’’*° The peaks appearing at 34.28
eV and 35.92 eV are attributed to the W>'4f,,, and W>*4f,,,
orbitals, respectively. The presence of the W>" peaks indicates
that the cobalt-ion doped films are sub-stoichiometric,
suggesting that the introduction of cobalt ions has resulted in
a modification of the valence state of the W element within
the films.?® Furthermore, the ratio of W>*/W°®" is indicative of
the concentration of oxygen vacancies within the film.*' By
fitting the peak area ratios of W>* and W*®', it was found that
with the introduction of cobalt ions, the ratio of W**/W°"
increased from the original 0.12 to 0.14, further demonstrating
that the concentration of oxygen vacancies within the film
increases with cobalt ion doping. As shown in Fig. 6b, the XPS
energy spectrum of the film with 1.5% cobalt ion doping con-
centration contains signals only from elements C, W, O, and
Co, with no other elements detected. Fig. 6¢ shows the Co2p
elemental spectrum within the WCo-1.5% film, with peaks at
778.4 and 793.7 eV, which correspond to Co*'2ps;, and
Co0”*2pyy,, respectively.

The cyclic voltammetry (CV) curves of the WO; films in 0.25
M LiClO,/PC electrolyte with different cobalt doping ratios
were obtained to investigate the electrochemical behavior. As
shown in Fig. 7a and b, the CV curves of the sample films at

Dalton Trans., 2024, 53,17221-17232 | 17225
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Fig. 5 EDX spectrum of WCo-1.5%.

all ratios exhibit a high degree of similarity. The WO; films
with various cobalt doping ratios display distinct anodic and
cathodic peaks. The anodic peak around —0.5 V corresponds
to the oxidation of the low valence W>* to W®*, resulting in the
film exhibiting a bleached state. Conversely, the cathodic peak
appearing between —0.75 V and —1.0 V corresponds to the col-
oring process of the WO; film. This indicates the reduction of
W to W>" during cathodic polarization, which is driven by
the insertion of Li" into the film. The specific ion insertion
and extraction processes are described by the following reac-
tion equations:

WO; (bleached) + xLi* +xe” = Li,WO; (colored)  (3)

As shown in Fig. 7c, the area enclosed by the CV curves of
all samples is significantly larger compared to WCo-0%.
Additionally, the position of the anodic peak current exhibits a
slight positive shift upon the introduction of cobalt ions into
the film. The incorporation of cobalt ions has a marked effect

17226 | Dalton Trans., 2024, 53, 17221-17232

on the oxygen vacancy concentration and the microscopic mor-
phology of the films. The resulting nanostructures, with their
high specific surface areas, provide additional reaction sites
for the insertion and extraction of lithium ions during the elec-
trochromic process. Furthermore, Fig. 7c demonstrates that
the anodic and cathodic current densities of the WO; films
reached an optimized maximum with a cobalt ion concen-
tration of 1.5%. However, excessive doping with cobalt ions led
to a noticeable decrease in the current density of the film
(Fig. S27). This indicates that an excess amount of cobalt
forms a layer of cobalt tungsten oxide on the film surface,
which impedes the migration of Li* ions during the electro-
chromic reaction.*?

Moreover, the relationship between the peak current
density and the square root of the scan rate (v*/?), as illustrated
in Fig. 7d, demonstrates a strong linear correlation, indicating
that the overall reaction is a process controlled by diffusion.*®
Additionally, WCo-1.5% exhibits a larger slope compared to

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) W4f spectra of WOs and WCo-1.5% films, (b) total survey and (c) Co2p spectrum of the WCo-1.5% film.

WCo0-0%, suggesting an increased diffusion coefficient for Li*
ions and a shorter diffusion pathway within the film.*°
Generally, optical modulation is a principal metric for
assessing the electrochromic performance of WO; films. To
evaluate the effect of cobalt ion introduction on the optical
properties of the samples across visible and near-infrared
wavelengths, the transmittance spectra of the film samples
were recorded over a wavelength range of 380 nm to 1100 nm.
This was conducted using a three-electrode system with —1.5 V
(colored state) and +0.5 V (bleached state) voltages applied for
60 seconds, respectively, as shown in Fig. 8a and b. Fig. 8a
indicates that the optical modulation (AT = T}, — T., where T},
and T, represent the optical transmittance of the film in the
bleached and colored states, respectively) of the WCo0-0% film
at the wavelength of 633 nm is only 30.73% (T}, = 83.53%, T, =
52.80%). Meanwhile, the optical modulation of the WCo-0%
films at 890 nm within the NIR range is 39.24%. For the WCo-
1.5% sample, the initial overall transmittance at 633 nm in the
bleached (T;,) state is 71.49%, which is lower than that for
WCo0-0%. This decrease can be attributed to increased light
scattering in the films, which is a consequence of enhanced
crystallinity resulting from cobalt doping and the formation of
cobalt oxides on the film surface.*’ The optical transmittance
at the same wavelength for the colored (T.) state is 5.22%.
Consequently, the maximum optical modulation achieved is
66.27% at 633 nm (Fig. 8b), with the optimal modulation
amplitude reaching 72.57% at 890 nm. The illustrations in
Fig. 8b are optical photographs corresponding to the colored

This journal is © The Royal Society of Chemistry 2024

state and bleached states of WCo-1.5%, respectively. This per-
formance is superior to that of the WCo-0% film. However, an
increase in the doping concentration of cobalt ions to 2.0%
resulted in a 44.49% reduction in the optical modulation of
the film within the visible wavelength range (Fig. S371). This
decline can be attributed to two key factors. Firstly, the modifi-
cation of some cobalt ions within the lattice results in the for-
mation of excess residual cobalt species, which adhere to the
surface of the film and form cobalt oxides. This accumulation
hinders the transport of Li* ions during the electrochromic
reaction. Secondly, the excessive insertion of cobalt ions into
the WO; lattice results in significant lattice distortion, which
leads to a notable degradation of the optical properties of the
WO; films. Detailed optical modulation data for WO; films at
633 nm and 890 nm with various cobalt ion doping concen-
trations are provided in Table 1.

Switching time is defined as the time required for the
change in optical transmittance of the WO; film to reach 90%.
Fig. 8c and d illustrate the in situ transmittance variation at
633 nm for both films, measured at voltages of —1.5 V and
+0.5 V. As seen in Fig. 8c, the response time of the WCo-0%
film is shorter than that of the doped film, with the coloring
time (¢,) and bleaching time (¢.) measured at 12.28 s and 4.82
s, respectively. Notably, the introduction of cobalt ions into the
film results in an increase in the switching time, with coloring
and bleaching times of 20.78 s and 6.73 s, respectively, as
shown in Fig. 8d. The continued introduction of cobalt ions
leads to even more unfavorable switching times (Fig. S47). This

Dalton Trans., 2024, 53,17221-17232 | 17227
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degradation can be attributed to the increase in the specific
surface area, which enhances the contact area between the
film and the electrolyte, thereby increasing the demand for
active sites and ions to participate in the electrochromic reac-
tion. Additionally, the excessive introduction of lithium ions is
hindered by the formation of cobalt oxides on the surface of
the film, which plays a significant role in the degradation of
its switching time.

The coloration efficiency (CE) stands as another crucial metric
for evaluating the electrochromic performance of WO; films. It is
defined as the ratio of the change in the optical density (AOD) to
the change in unit charge density (AQ) inserted within a desig-
nated film area at a particular wavelength. This metric can be
determined by employing the following formula:

CE = AOD/AQ = log(Ty/Tc)/Q/S (4)

where T}, and T, represent the optical transmittance of the film
in its bleached and colored states, respectively, Q is the charge
density during the coloring process, and S is the electrode
area. A comparison of the coloration efficiencies is illustrated
in Fig. 8e and f. Following the introduction of cobalt ions, the
CE values of WO; films increased significantly from 43.10 cm?
C™' to 80.36 cm® C™". The enhanced CE values indicate that

17228 | Dalton Trans., 2024, 53,17221-17232

the films can achieve a substantially improved range of optical
transmittance with lower charge insertion or extraction.

Finally, to assess the cycling stability of WO; films with
varying ratios of cobalt ion doping, a CV test was conducted
for 500 cycles in a 0.25 M LiClO,/PC electrolyte solution. The
CV curves and transmittance spectra in the visible and NIR
wavelengths, both before and after the CV cycling test, are pre-
sented in Fig. 9. As illustrated in Fig. 9a, the WCo0-0% film
exhibits remarkable cycling stability, retaining 93.18% of its
original CV curve even after 500 cycles. This stability can be
attributed to the film’s inherent hexagonal phase structure,
which provides superior structural integrity. In addition, the
optical modulation depicted in Fig. 9c experienced a slight
decline, from an initial 30.73% to 30.67%. Nevertheless, it
retained 99.80% of its original state. In contrast, the introduc-
tion of cobalt ion doping in the WO; film resulted in a
reduction of optical modulation from 66.27% to 65.31% after
500 CV cycles, achieving a retention rate of 98.55% (Fig. 9b
and d). It is encouraging that the cycling stability of cobalt
doped WO; films in the NIR wavelength range is also signifi-
cantly enhanced compared to the WCo0-0% film. However, the
addition of excessive amounts of cobalt ions to the WO; lattice
results in severe distortions, which in turn leads to a drastic
decrease in cycling stability, as shown in Fig. S6.t

This journal is © The Royal Society of Chemistry 2024
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Table 1 The optical modulation and switching times of WO3 films with
Co doping at different ratios

Optical modulation

range (%)

Switching time (s)

Sample 633 nm 899 nm ty te

WCo0-0% 30.73 39.24 4.82 12.28
WCo0-0.5% 40.58 57.25 5.67 12.37
WCo0-1.0% 45.04 58.91 5.74 13.92
WCo-1.5% 66.26 72.57 6.73 20.78
WCo0-2.0% 28.09 48.42 8.35 36.35

This journal is © The Royal Society of Chemistry 2024

Fig. 10(a) depicts the doping process of Co ions in the hex-
agonal phase WO;. The substitution of W ions by Co ions
leads to a minor distortion of the lattice structure, which
causes the surface of the nanorods to become rough due to
nanoscale irregularities, which is verified by TEM analysis.
Simultaneously, Co doping results in the formation of
additional lattice defects in WOj;, including oxygen vacancies.
However, the hexagonal phase of WO; is maintained, as con-
firmed by XPS and XRD analyses. As illustrated in Fig. 10b, the
preservation of channels in the hexagonal phase ensures the
superior cycling stability of the WO; material, which is in
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accordance with the test results obtained in Fig. 9. Moreover,
the morphological alterations and abundant oxygen vacancies
introduced by Co doping facilitate enhanced contact between
WO; and the electrolyte, increasing the number of reactive
sites. The oxygen vacancies generated by Co doping provide
additional sites for the insertion and extraction of Li ions
(indicated by the arrows), thereby enabling Co-doped WO; to
exhibit excellent optical modulation and coloring efficiency

(Fig. 8).

4 Conclusion

In conclusion, hexagonal phase WO; nanorod films with varying
concentrations of cobalt ions were successfully prepared using a
simple hydrothermal method. The introduction of cobalt ions
induces significant changes in the internal micromorphology
and chemical state of the WO; films, which in turn leads to a
substantial alteration in their electrochromic properties.
Compared with pure WO;, it was found that low concentration
(1.5%) cobalt-doped WO; exhibits excellent electrochromic pro-
perties, achieving a high optical modulation (66.27% at 633 nm
and 72.57% at 890 nm), a high coloration efficiency (80.36 cm®
C™' at 633 nm) and remarkable cycling stability (maintained
98.55% after 500 cycles). The enhanced overall performance may
be attributed to the large specific surface area, low crystallinity,
and nanorod structure that promote lithium-ion diffusion, which
is facilitated by cobalt doping. In contrast, a high concentration
of cobalt doping results in a significant decrease in the perform-
ance of WO, films, primarily due to the formation of cobalt
oxides on the film surface and substantial lattice distortion
caused by excessive doping.
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