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Abstract

Cerium (Ce)-doped tungsten oxide nanostructures were synthesised using a simple solvothermal
method from cerium chloride salt (CeCls-7H20) and tungsten hexachloride (WClg) precursors. As-
prepared samples were thoroughly characterised using electron microscopies, x-ray diffraction
(XRD), x-ray photoelectron spectroscope (XPS) and Raman. The electrochromic performance of
different samples was evaluated using a custom-built UV-VIS spectrometer and electrochemistry
technique. The results showed that the as-prepared samples underwent morphological evolutions with
increasing the Ce/W molar ratios, from long, thin and bundled nanowires, through shorter and thicker
nanowires to mixed nanowire bundles and nanoparticle agglomerates. From electrochemical testing,
we found that the Ce-doped tungsten oxides exhibited higher optical contrasts of 44.3%, 49.7% and
39.4% for the 1:15, 1:10 and 1:5 Ce/W ratio respectively, compared with 37.4% of the pure Wi3Oa49

nanowires. The Ce/W = 1:15 samples presented an improved colouration efficiency of 62 ¢cm?/C
1
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against 51 cm?/C of pure W1sOu9. This work demonstrated that the Ce-doped W1sO49 nanowires are
very promising candidate materials for the design and construction of electrochemical chromic
devices with largely improved efficiency, contrast and stability. The results from this work suggested
that smart electrochromic devices based on current Ce-doped WO« nanomaterials could be further

developed for future energy-related applications.
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Introduction

Tungsten oxide (WOx) nanoparticles have been extensively studied as an important class of
electrochromic materials, because of their advanced features including high colouration efficiency,
high cyclic stability, low power consumption, good memory effect and high contrast ratios,'
compared with other transition metal oxides. Non-stoichiometric forms of WOy, (2 <x <3.1), in
particular, the most notable ones such as W1sO49 nanorods or nanowires exhibit larger specific surface
area than their spherical nanoparticles counterparts.’ These non-stoichiometric structures could lead
to even better electrochromic performance than saturated WO; nanoparticles, since the non-
stoichiometric composition in the lattice, which could have more intrinsic oxygen vacancies and
revised crystal structure that offer more active sites for accommodating potential doping metals and
alkaline ions, which facilitate the electrochromic effect.® Recently, we have synthesised ultrafine
bundled Wi8049 nanowires, with only 2-4 nm in individual nanowire diameters and a record high

specific surface area over 150 m?/g.” Such long and thin nanowires could be a potential candidate

material for chromic applications.

Metallic dopants introduced into the lattice of WOx have been proven to be able to improve chromic
properties, via promoting the formation of coloration centres of W** from either W** or W®*, or both.
Various heteroatoms have been introduced into WOy for this purpose, including Erbium (Er),?
Lanthanum (La),” Praseodymium (Pr),'° Yttrium (Y),!! Cerium (Ce),'*"!> etc. Amongst various rare-
earth metals, Ce has received the most attention in doping or coupling of different oxide
semiconductors for enhanced chemical, optical, optoelectric and luminescent properties.'? Ce-doped
compounds, e.g. CeO2 and CeWOs, exhibit interesting characteristics for oxygen storage and release
via a redox shift between Ce*" and Ce*" under oxidation and reduction conditions.'® This could also
lead to the state change of the base oxide (WOx) and result in efficient coloration. So far, the
electrochromic performances of Ce-doped WOx have been barely studied, there have been only a few

reports focusing on Ce doping of other transition metals rather than tungsten. For example, using a
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simply sol gel method,'” Dhanasankar prepared a Ce-MoOs structure with improved electrochromic
performance and high stability, in terms of coloration efficiency and variation in transmission
between the coloured and bleached states. CeO»-TiO> also showed a better colouration efficiency of
231 cm?/C when it was used as the counter electrode for a WO; device.'®!° Furthermore, Ce-TiO»,%°
Ce-WOx,?! and complex structures of Ce-V20sWOs3/TiO, showed improved performances than their
parental oxides alone, e.g. as a catalyst for highly efficient reduction of NOx emission from the diesel
exhaust. In addition, Ce-NiO nanostructures exhibited excellent electro-catalytic and bio-medical
performances toward the detection of riboflavin (RF).?? Therefore, exploring Ce doping of WOy and

the suitability of this system for electrochromic applications is of scientifically importance.

Inspired by the interesting features that Ce could bring to other metal oxides, we combined the unique
Wi8049 nanowires of ultrafine diameter with the promising effect of Ce doping, and assessed the
influence of such a combination on the overall electrochromic performance. In this study,
morphological and structural changes of Ce-doped WOx nanowires during the solvothermal synthesis
process were initially investigated in detail, which was followed by the evaluation of their potentials
and performance improvements in electrochromic devices, in comparison with the non-doped pristine
Wi18049 nanowires. This study would allow us to gain an in-depth understanding about the Ce-doped
WOx functional nanostructures, which could be used as a guideline for structure modification and
smart functional device development of these WOx-based materials, towards energy-related
technological applications, such as chromic smart windows, sensors, catalysis, and intelligent solar

cell protections.

Experimental
Nanowire synthesis
The pristine bundled Wi3O49 nanowires were synthesised by following a solvothermal process

reported earlier.” Tungsten hexachloride (WClg) and cyclohexanol were used respectively as the main

4
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precursor and the solvent. In a typical synthesis, a certain amount of WCls was dissolved in the
cyclohexanol to form a 0.003 M solution. 50 ml of the solution were transferred to a 120 ml Teflon-
lined stainless steel autoclave which was sealed before being heated at 200 °C for 6 h in an oven. For
Ce-doped WOy samples, a mixture of CeCls-7H>0 and WCls was initially dissolved in 1 ml of ethanol
in a beaker to obtain a solution, 49 ml of cyclohexanol were then added into the beaker and further
mixed under ultra-sonication for 15 min. The resultant homogeneous solution was subsequently
transferred to the Teflon-lined stainless steel autoclave. The reaction vessel was sealed before being
heated at 200 °C for 10 h in the same oven. The actual molar ratios of CeClz-7H20 and WCls were
1:15, 1:10 and 1:5, respectively. After heating, the autoclave was oven-cooled to room temperature.
All the product samples were washing with deionized water, ethanol and acetone, and centrifugally
collected. The collected product samples were oven-dried at 80 °C for 12 h prior to further

characterisation and testing.

Thin film preparation

The thin film for subsequent electrochromic testing was prepared by a spin coating of a nanowires
suspension. The latter was obtained from dispersing 0.1 g of different nanowires ultrasonically in 2
ml ethanol. The suspension was then dropped immediately onto a 25 mm x 25 mm % 1 mm ITO
(Indium Tin Oxide) coated substrate sitting inside the spin coater. The spin coater was set up at 1200
rpm for 5 s in the first step, and continued to spin at 1500 rpm for a further 5 s. Each sample was re-
coated for 10 rounds, and eventually a good and uniform coverage of desired film thicknesses was
achieved. The film was then oven-dried at 100 °C for several hours. As for the thin films selectively
used to evaluate the crystallinity influence (see Section 2 below), they were pre-treated at 300 °C for
2 h under 100 sccm of Ar flow in a tube furnace. The film thickness was measured, using an optical
Profilometry technique, as around 400 nm on average in all samples.

Sample characterisation
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Phases of films coated on the ITO conducting glass were identified by X-ray diffraction (XRD)
measurements which were obtained using a Bruker D8 Advance diffractometer, with a Cu Ka
radiation (operated at 40 kV — 40 mA) at a time interval of 1 s and a step size of 0.02°, within the 26
range from 20 to 60°. Structures and morphologies of the films were examined using a scanning
electron microscopy (SEM) (Philips XL-30) operate at a voltage of 20 kV, and a high resolution
transmission electron microscope (HR-TEM) (JOEL-2100) at 200 kV acceleration voltage. X-ray
photoelectron spectra (XPS) were recorded using a VG ESCALab Mark II spectrometer with non-
monochromatic Al-anode x-ray source (1486.6 eV), operated at a 12 kV anode potential and a 20 mA
filament emission current. Raman spectra were collected using a 532 nm laser excitation, utilising a
50 x objective lens under a laser power of 6 mW. A custom-built UV-Vis spectroscope was also used
to evaluate the electrochromic performance of different samples, via acquiring the transmittance
spectra.?® Light sourced from an incandescent bulb was focused onto the sample via a condenser lens
which was collected by a 20 x microscopy objective (Olympus MPLFLN, NA 0.45). After passing
though the sample, the light was recorded on a spectrometer (Princeton Instruments Acton SP2500)
once it reached the entrance slit. The spectrometer was equipped with a 1200 g/mm grating and a
CCD camera (Princeton instruments PIXIS400). A Princeton Instruments IntelliCal system was used
to calibrate and determine the efficiencies of optics and gratings at different wavelengths. A Keithley
2400 Source Meter was used to generate the bias voltage to the device. For the electrochemistry
measurement, a CHI 760D potentiostat was used along with a standard three-electrode cell in which
a Pt wire, the tungsten oxide thin films and an Ag/AgCl acted respectively as the courter, working
and reference electrode. 0.5 M LiClO4 and 4 w/v% of Polypropylene (PPC, average M, ~ 50000) in

propylene carbonate (PC) were utilised together as the gel electrolyte in all the cases.

Results and discussion

Structure and morphology
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Comparison of SEM images between the pristine WOx nanowires and the Ce-doped WO«
nanostructures (Figure 1) reveals that the lengths of the bundle and the morphology of WOy were
influenced significantly by the addition of Ce, varying with the Ce concentrations utilised during the
synthesis. As shown in Figure 1a, the un-doped WOx bundles were up to 2 um long and about 20 nm
in diameter. At the doping level of Ce/W = 1:15, the nanowires became shorter in length but thicker
in diameter, which became more evident at higher doping levels (Ce/W = 1:10). Eventually

agglomerates of very short nanowires were formed at Ce/W = 1:5, as shown in Figures 1b-1d.

Figure 1. SEM images of: (a) the pristine W1sO49 nanowire bundles, and (b-d) the Ce doped WOx

nanostructures, with Ce/W molar ratios of 1:15, 1:10, and 1:5, respectively.

XRD patterns of un-doped and doped samples (Figure 2) all matched well with ICDD No: 01-073-
2177, confirming the dominant base crystalline feature of the W1sO49 monoclinic phase, with lattice
constants of @ = 0.1832, b = 0.379, ¢ = 1.404 nm and = 115.03°. Two main diffraction peaks at

about 23.5° and 47.5° (20) can be assigned to the (010) and (020) respectively, as shown in Figure 2.
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Figure 2. XRD patterns of as-synthesised nanomaterials corresponding to different Ce/W molar

ratios.

The highest peak of the (010) plane indicated the preferential stacking of the (010) planes which
corresponds to the <010> direction and aligns to the nanowire axis. This, along with the very low
peaks of other planes (as show as * peak in Figure 2), e.g. (210), (012), (310) and (113), indirectly
confirmed the ultrafine feature of the nanowires. The Full-width at half-maximum (FWHM) of the
(010) plane also showed greater values at higher Ce/W molar ratios, i.e. corresponding to their smaller
size of nanowires. This result matched well with the SEM observations (Figure 1) that nanowires
became shorter and wider at higher Ce concentrations. From the XRD results, we did not find stronger
evidence for the changes in crystalline structure between the doped and un-doped samples. However,
the main (010) peak position silently shifted toward lower 2-theta position with increased amount of
Ce doping. The (010) peak positions are located at 23.2°, 22.7° and 22.4° for the 1:15, 1:10 and 1:5

Ce/W samples, respectively, suggesting an enlarged d value.

HR-TEM images (Figure 3 and Figure S2) confirmed the ultrafine feature of several overlapped

individual nanowires, about 2-5 nm in diameter and up to 2 um long. These individual nanowires
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formed bundles naturally to reduce surface energy, which led to their apparent diameters in the SEM
images much bigger, due to the limitation of SEM to resolute individual nanowires. The lattice
spacing of pure Wi3Os9 nanowires (Figure 3a) was about 0.379 nm, corresponding to the d value of
the (010) plane. This was consistent with that the nanowire grew along the <010> direction in the
monoclinic structure. The selected-area electron diffraction (SAED) pattern of the WigO49 also
revealed that the nanowire grew along the <010> direction, and the weak streak lines perpendicular
to the (010) planes were indicative of the bundled and overlapped feature of the nanowires. This
feature also explained why the width of these nanowires shown in the image was much bigger than 5

nm.

Figure 3. HRTEM images of differently doped nanowires and their corresponding SAED patterns:

(a) Pure W130a49; (b) Ce/W = 1:15; (¢) Ce/W = 1:10; and (d) Ce/W = 1:5.

From Figure 3, we noted a slightly increased (010) lattice spacing, by 1.1, 3.4 and 4.8%, for the
differently doped nanowires, benchmarked against the plain WigOs9 nanowires. The enlargement
tendency appeared to be correlated with the increased Ce/W molar ratios (marked in Figure 3).

Obviously, all the doped samples examined exhibited a single crystalline nature, similarly to the plain

9
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Wis0O49, however the Ce incorporation into the structures had indeed resulted in a minor lattice
distortion, hence the enlarged d values. The TEM observations are in consistent with the left-shift of

the (010) peaks in the XRD results shown in Figure 2.

Chemical compositions of the samples were examined using XPS, and the results are shown in Figure
4. Due to the ultrafine diameter nature of the nanowires, the surface composition characteristic was
believed to be a logical reflection of the compositional feature of the nanowires. For plain WigOa49
nanowires, the chemical state of core-level W 4f could be fitted into two spin-orbit doublets, which
were attributed to two different states of oxidation of the W atoms. The main doublets, with binding
energy for W 4fs; at 38.56 eV and W 47> at 36.43 eV, were associated with the W atoms in the W®*
normal oxidation state. The other doublets at the electron binding energies of W 4fs/> at 37.04 eV and
W 4f;, at 34.91 eV in Figure 4c could be identified as the W>" oxidation state. The W 4f peak shifted
towards lower binding energy with the doping of Ce ions into the structure. To make the variation of
WS content more clearly, the ratio of W>*/W®", which is approximate to the ratio of fitting peak areas,

was calculated and listed in Table 1.

Figure 4b are Ce 3d XPS spectra, corresponding to different molar ratios used during the synthesis.
Both oxidation states of Ce** and Ce*" coexisted on the surface of ceria-containing samples, but the
former accounted for the main part of the ceria, due to the higher intensity and larger area in the
former than in the latter. At the lowest concentration of Ce-doped in the WOy samples (prepared at
Ce/W = 1:15), the two peaks located at ~886 eV and ~905 eV were assigned to Ce*" 3ds» and
Ce*"3ds.2 respectively, whilst those at ~882 eV and ~901eV were associated with the Ce*" oxidation
state.”* 2> At the intermediate and highest molar ratios of 1:10 and 1:5, the peak positions shifted
slightly towards the higher binding energy 886.35 eV and 905.39 eV, and 885.95 eV and 904.65 eV
for the Ce*" 3ds; and Ce** 3ds), respectively; and accompanied with 882.54 eV for Ce** 3ds), 901.49

eV for Ce*" 3dsp, and 882.44 eV and 901.19 eV for the Ce*" oxidation state, respectively.

10
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Figure 4. (a) XPS survey spectra, high resolution scan of (b) Ce 3d, (c) W 4f and (d) O 1s of un-

doped and doped samples.

The results in Table 1 show that the atomic ratios of W/O decreased with increasing the concentration
of Ce ions inside the structures. Moreover, the increase of W>*/W¢" ratios also indicated that the Ce**
oxidation state of the Ce ions was reduced via charge transfer from the W ions, which resulted in the
increase of W>* oxidation state. The O 1s spectra (Figure 4d) showed two main peaks. The lower

binding energy peak (530.3 - 530.8 eV) corresponded to the oxygen in the lattice and O*~ (peak 1),

and the higher binding energy peak (532.4 - 532.7 eV) may be due to O*~, O~, and OH" in the oxygen-

deficient regions (peak 2).%°
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As understood from Table 1, Ce had been incorporated into the WOx. It would be difficult for Ce**
and Ce*" to replace the W in the lattice of W15sO49 nanowires, because the ionic radii of Ce*" (0.101
nm) and Ce** (0.103 nm) are much larger than those of W®" (0.065 nm) and W>* (0.068 nm)."? It is
believed that the Ce cations might be inserted into the small tunnels of oxygen vacancy on the surface
and hexagonal channel of W13O49 structure. This analysis was supported by the XPS results shown
in Figure 4 which revealed the increase W>* oxidation state and the higher binding energy shift of O
Is in peak 2, with respect to plain W1gOas9 samples. This O 1s shift in peak 1 towards the lower binding
energy also might be an evidence of more defective and weaker W-O bonding in the structure, as a
result of the Ce addition. Changing of this O 1s might be caused due to the lower electronegativity of
Ce than that of O. However, it is suggested that the Ce cations can facilitate the electron transfer and
the oxygen mobility in the doped samples, as confirmed by the altered states based on the XPS results.
The decreased atomic contents of W/O (Table 1), and the changes in the oxidation state as revealed
by the W 4f (from W' to W>%) and Ce 3d spectra (from Ce*" to Ce*") upon subsequent reduction,
both indicated the increase in oxygen vacancies and the release of free electrons in the doped
crystalline structures. The oxygen concentrations of doped samples shown in Table 1 are going down
and all lower than that of the plain W1gOa49 (0.79). The no linear trend for samples with Ce/W = 1:10
and 1:5 is minimal (0.761 vs 0.764), and could originate from two reasons: firstly, the upper limit of
the Ce doping within the framework could be between Ce/W = 1:10 and 1:5, and secondly the
localised minute composition variation obtained during the XPS could be the other cause (system
error). Their detailed effects on the electronic structure of Ce-doped WOy remain unclear and so need
to be further investigated by the future work.

Table 1. Surface characterization results from XPS.

Samples Surface composition (atomic ratio)

Ce*/Ce*  W/W  Owpa/(O+CetW)  Wiw/(0O+CetW)  Cepa/(O+Cet+W)
Pure Wi5049 - 0.102 0.790 0.21 -
Ce/W=1:15 0.78 0.207 0.785 0.185 0.03
Ce/W =1:10 0.57 0.157 0.761 0.196 0.043
Ce/W=1:5 0.72 0.175 0.764 0.160 0.076

12
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Electrochemical and electrochromic properties

Electrochromic properties of the Ce-doped thin film samples were evaluated by the CV technique,
and compared with those of pure bundled W13O49 nanowire thin films (Figure 5). During each scan
cycle, the films endured a typical reversible colour change, from blue to transparent, i.e. the coloration
and bleached states. The recorded current was due to the intercalation/de-intercalation of Li" from the
electrolyte and the electron transfer between W and W3 (as well as W** to W>"), according to the

following Equation 1 and 2, resepctively.?”-?

_ + insertion
W3O, + xe + xLi" === Li W,{O, (1)
extraction ’
W' (A) + W (B) + photon — W (A) + W>* (B)
and W+ (A) + W>" (B) + photon — W>" (A) + W*" (B) (2)
According to Figure 5, the area of the voltammogram was increased with the increase of scan rate,
and the anodic peak current values were shifted towards higher potentials. The effective diffusion
coefficient of Li" (Dri") was calculated according to Randles-Sevick’s equation (Equation 3), by

assuming a simple solid state diffusion controlled process.?3°

D/2 — Ip 3)

2.69 X105xn3/2xAXC,xVv1/2

where i,, is the peak current density, n the number of electrons transferred in unit reaction (n =1 in

this case),>! A the surface area of the electrode film, Cy the concentration of the diffusion species Li*

(Mol/cm?), and v the scan rate (V/s).

13
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Figure 5. CV curves of different nanowire thin films: (a) Pure W13Oa49, (b) Ce/W = 1:15, (c) Ce/W =
1:10, and (d) Ce/W = 1:5. All results were recorded between -1.5 and 1.5 V at different scan rates of
20, 40, 60, 80 and 100 mV/s, using propylene carbonate (PC) with 0.5 M LiClO4 and 4 w/v% PPC.

Insets: the anodic and cathodic peak current density as a function of the square root of the scan rates.

Figure 5 shows the area of the voltammograms increased with increasing the scan rate. An anodic
peak (which presented in positive current region) shifted towards higher potentials as the scan rate
increases. The peak current vs. v'’> had been plotted using maximum and minimum current value
(inside four CV graphs) and its slopes used to estimate Dri" of all cases, according to Equation 3. The
calculated D1;" of intercalation/de-intercalation are 6.1 x 1071%/5.8 x 101° cm?/s, 1.5 x 10°/1.23 x 10
?cm?/s, 1.74 x 10°/7.9 x 1071° cm?/s and 4.8 x 10719/5.8 x 1071° cm?/s for the plain WisOa9, Ce/W =
1:15, 1:10 and 1:5 samples, respectively. Higher intercalation than de-intercalation Di;" values are

obtained in all cases, and this might be due to the trapping of charge carriers inside the lattice
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structures.*? To further find out the stability of these samples, we recorded the 1 and the 1000' cycle
of all samples, as shown in Figure 6. Using the maximum specific anodic and cathodic peak currents
obtained at a middle scan rate of 60 mV/s, we calculated the Dr;" values for intercalation and de-

intercalation, and the results were summarised Table 2.

As shown in Table 2, all the doped samples exhibited better ion diffusion kinetics than the plain
W1sO49 nanowires. In case of the latter, the diffusion coefficient Dr;" was 8.2x107!° cm?/s for the
intercalation, but is was increased to 2.1x107, 1.99x10°, and 1.32x10 cm?/s, respectively, in the
case of three Ce-doped samples, at a given scan rate of 60 mV/s. The Dii" value decreased with
increasing the Ce ion concentration. Similar trend was also observed for the Di;" of de-intercalation.
Importantly, the Dr;" values of both intercalation and de-intercalation for the doped samples were
much higher than original W1gOa9, by 177%, 102% and 84% of 1:15, 1:10 and 1:5 respectively. From
Table 2, the difference in the Di;* values between the 1t and the 1000" cycle also showed that higher
Ce dopant slightly decreased the stability in intercalation for the thin films, by 4% for Ce/W = 1:15,
10% for Ce/W = 1:10 and 12% for Ce/W = 1:5, compared with pure Wi3O49. The stability in de-
intercalation for the 1:10 and 1:5 samples appeared to be similar to the intercalation, which was
decreased marginally by 6% and 1% respectively, however the film with the lowest concentration
(1:15) was only 20% difference, which is ca. 48% improvement [(41%-21%)/41%] in Table 2)

against the plain WgO4o.

The Ce/W = 1:15 samples offered the fastest ion diffusion kinetics and best stability among all doped
samples. This might be due to the decreased dimensions of the sample (Supporting Information,
Figures S1 and S2), which resulted in increased surface area, and reduced ion diffusion path distance,
whilst still preserved enough room in between the lattice for Li" intercalation and de-intercalation. As
for Ce/W = 1:10 and 1:5 samples, they suffered from heavier agglomeration, and their structures

became bigger, leading to longer diffusion path. Meanwhile, too many Ce ions in the lattice would

15



344  make it more difficult for the Li* to get into/out the structure cyclically. In addition, a large Dpi*
345 means a great mobility of Li*, leading to a shorter switch time between the coloured and bleached
346  states. Figure 7 presents different intensities of the 1% cycle of the coloured stage for all the thin film
347  samples, evidently demonstrating the fundamental effects of different Ce contents on the coloration,
348  which could offer useful insight for materials selection towards efficient electrochromic device

349  construction.

350  Table 2. List of D" values for the doped and pure W3Oa49 thin film samples.

Samples Dvi" of Intercalation (cm?/s) Dvi" of De-intercalation (cm?/s)
1t cycle 1000 cycle Difference 1%t cycle 1000% cycle Difference
between 1% and between 1% and
1000 cycle 1000% cycle
(%) (%)
Pure W 5049 8.2 x 1010 7 x 10710 15 5.05 x 10710 3 x 1010 41
Ce/W=1:15 2.1 x10° 1.7 x 10 19 1.4 x 107 1.1 x10° 21
Ce/W=1:10 1.99 x 107 1.5 %107 25 1.02 x 107 5.3 x 10710 47
Ce/W=1:5 1.32 x107° 9.6 x 10710 27 9.3 x 10710 5.4 x 1010 42
g
4] a | b
: i
= 0] b~ -
5 5 ¢
= £
3 — 1 £ —1
4 ]
—1000" 5 —1000'h
15 <10 05 00 05 1.0 15 15 <10 05 00 05 1.0 15
3 Potential (V vs Ag/AgCl) 3 Potential (V vs Ag/AgCl)
c d
é\ 4 é\ 44
L] L
= 04 e
: : 0]
] -
| & :
-4 g -
1 <4 —I1
5 —1000® — 1000t
-8
T T T T T T T T T T T T T T T T T T T T T T T T T T
-5 10 05 00 05 10 15 -1.5 -10 05 00 05 10 15
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)
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Figure 6. CV curves of different nanowire samples: (a) Pure WigOa9, (b) Ce/W = 1:15, (¢) Ce/W =
1:10 and (d) Ce/W = 1:5, after the 1*' and the 1000'" cycles, recorded between -1.5 and 1.5 V at 60

mV/s in all cases.

Figure 7. Visual observation of the coloured stage of various thin films: (a) pure WigO49, (b) Ce/W
= 1:15, (c)Ce/W = 1:10, and (d) Ce/W = 1:5. The pictures were taken after the 1* cycle of CV testing

between -1.5 and 1.5 V at 60 mV/s

The prototypes of electrochromic device for each sample were prepared for in-situ absorbance
studies. The optical absorbance values of all the films were measured in the range from 430 to 750
nm in the coloured and bleached stages, subject to the intercalated or de-intercalated stages of Li* in
the nanostructures. The optical contrast (AT) at a given specific wavelength of 630 nm (which is

sensitive to human eyes) was calculated based on Equation 4.3%

AT = [Tbleched'Tcoloued]X= 630 nm (4)

As found from Table 3, the AT value increased by 2, 12.3 and 6.9% for Ce/W = 1:5, 1:10 and 1:15,

respectively, in comparison with pure bundled W13O49 nanowires.

Table 3. Optical performance evaluated at 630 nm for the electrochromic prototypes constructed

using Ce-doped WOy and pure bundled W1gO49 nanowires.
17
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376

377
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379

Sample Tcoloured (%) Tbleached AT(%) Q(C) Qd(C/sz) AOD CE

(%) (Colouration
Efficiency,
cm?/C)
Pure Wi5049 16.8 54.2 37.4 0.051 0.0083 0.51 61.9
Ce/W ratio 1:15 9.8 54.1 443 0.072 0.011 0.74 67.3
Ce/W ratio 1:10 20.4 70.1 49.7 0.05 0.008 0.53 66.3
Ce/W ratio 1:5 13.1 52.3 39.4 0.07 0.011 0.60 54.6
100 100
a b
804 ITO substrate 80 4 ITO substrate
£ o0 1.5 V (bleaching) 2 60 1.5 V (bleaching)
g Z
T £ w0
= S
—2.5 V {coloration) —_—
204 —— 20 4 -__“““-——h.,_______ =2.5 V (coloration)
=30V (coloration) —
0 . -3.0 V (coloration)
450 S00  Ss0 600 650 700 750 450 S0 SS0 600 60 700 750
100 Wavelength (nm) 100 Wavelength (nm)
¢ d
£0 4 ITO substrate 80 ITO substrate
‘%2 604 _ —-——__1_"___1__“""”3' 2 6. L5V (bleaching)
g / 25V |.\-.'--.'.-.'\_-.\::T_‘ g
E a0 £ o0
é?‘ -2
ON - 25 (eolorsion
o =3.0 V (coloration)
450 s00 S50 600 650 700 750 TR s s w0 6o o o
Wavelength (nm) Wavelength (nm)

Figure 8. Transmission spectra in the visible range (from 400 to 750 nm) of (a) pure bundled W13O49
nanowires, (b) Ce/W = 1:15, (c) Ce/W = 1:10, and (d) Ce/W = 1:5 WOx thin films in their coloured

and bleached states, on the application of different potentials ranging from +1.5 to -3.0 V.

Another important characteristic of chromic materials defining their suitability for real life
applications is the Colouration Efficiency (CE), which represents the change in optical density (AOD)
per the total charge passed across a unit area of the thin film (Qq, C/cm?), as defined by Equations 5
and 6.3+ %
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where AOD()) = log(Tbleachean)) ©)

Tcoloured(}\)

Qu is the amount of charge intercalated into the thin film samples, which can estimate by integrating
the area under the curve current density versus time. Figure 8 gives the transmittance values of both
the bleached and coloured states of each sample. Table 3 lists the optical contrast (AT), change of the
optical density (AOD), charge density (Qq) and colouration efficiency (CE) values for both the doped
and un-doped samples. The percentages of optical contrast (%AT) of all the doped samples of
different ratios were found to be better than the pure W1sO49, being 39.4%, 49.7%, 44.3% and 37.4%
for Ce/W = 1:5, 1:10, 1:15 and pure W1380O49 nanowire thin films, respectively. The Ce/W = 1:15 thin
film sample presented the highest OD value of 0.74 compared with pure WigO49 thin films (about
0.51). The CE corresponding to Ce/W = 1:5, 1:10, 1:15 and pure W 3049 was 54.6, 66.3, 67.3 and
61.9 cm?/C, respectively. The sample with the lowest doping amount (1:15) showed the highest CE
value than other two samples (1:10 and 1:5). It is believed that the Ce ions not only can induce/
oxygen vacancies in the lattice, but they can also occupy the oxygen vacant sites or/and bind with
oxygen in the oxide lattice, to affect the content of W>* (Table 1). Meanwhile, they can also enter the
channels of the WOy structures and blocks the free path of Li" and consequently reduces the Li"
diffusion kinetics (Dri"), as shown in Table 2. A small but adequate amount of Ce doping in the
structure could improve the performance of the oxide, however too many Ce ions could on one hand
compete with the Li" for both the oxygen vacancies and free channels, and on the other hand block
the path of Li" injection/de-injection during the coloration/bleaching reaction. Therefore, via such
competition mechanisms, excessively higher Ce doping levels could lead to a negative effect on the

overall electrochromic performance of the oxide.
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Conclusion

Various Ce-doped WOy nanostructures with molar ratios of Ce/W = 1:15, 1:10 and 1:5 in the
precursors were successfully synthesised by using a simple solvothermal technique. The results
showed that their morphologies had been modified compared with plain W1gOa49 ultrafine nanowires.
The Ce-doped nanowires became shorter in length and larger in diameter with increasing the Ce
concentration, and the sample with the highest Ce/W ratio of 1:5 exhibited the worst agglomerations
among the short nanowires. XRD analyses on the CeWOx did not show obvious peak shifts, indicating
that the CeWOx still retained the same basic monoclinic crystalline structure, akin to the plain WigQO4o,
however the spectra of Ce 3d from XPS and the increased d values revealed by HRTEM both
confirmed that Ce had been incorporated into the lattice of WOx by occupying the vacant sites and
channels. These doped Ce ions caused distortions in the crystal structures, modified the nanowire
growth, and affected the amount of W>", and consequently affect the electrochromic performance of
the nanowires. The thin film sample with lowest doping level (Ce/W = 1:15) showed the highest
intercalation D" (2.1x10” cm?/s) and de-intercalation Dy;" (1.41x107) at 60 mV/s, the better optical
contrast (44.3%), the greatest CE (67.3 cm?/C), and best de-intercalation stability (by 48%), amongst
all doped and pure WisO4 samples. The distorted and enlarged structure favoured Li"
intercalation/de-intercalation into/out of the structure during the redox reaction. The competition
between the increased oxygen vacancies and available free pathway for Li" at various Ce contents is
believed to be the reason for the overall best performance of the Ce/W = 1:15 thin film samples.
These findings demonstrate that the Ce dopant offers an efficient and effective strategy for developing
high optical contrast, short response time, high coloration efficiency and stable electrochromic
devices, based on the novel Wi3O49 nanostructures. This work may contribute to the future
development of WOx-based multifunctional smart electrochromic devices for energy-related

applications.
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