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Abstract 

Thin films of electrochromic W oxide and W–Ti oxide were prepared by reactive DC 

magnetron sputtering and were cycled voltammetrically in an electrolyte of lithium 

perchlorate in propylene carbonate. Film degradation was studied for up to 500 voltammetric 

cycles in voltage ranges between 1.5–4.0 and 2.0–4.0 V vs. Li/Li+. Optically and 

electrochemically degraded films were subjected to potentiostatic posttreatment at 6.0 V vs. 

Li/Li+ to achieve ion de-trapping and rejuvenation so that the films partly regained their 

original properties. Ti incorporation and potentiostatic posttreatment jointly yielded superior 

electrochromic properties provided the lower limit of the voltage range was above 1.6–1.7 V 

vs. Li/Li+. Degradation dynamics for as-deposited and rejuvenated thin films was modeled 

successfully by power-law kinetics; this analysis indicated coexistence of two degradation 

mechanisms, one based on dispersive chemical kinetics and operating universally and another, 

of unknown origin, rendered inactive by rejuvenation. The results of the present study are of 

large interest for the development of electrochromic devices with exceptional durability. 
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Introduction 

       Electrochromic materials are characterized by optical properties that can be varied 

persistently and reversibly by an electrical stimulus. These materials have important 

applications in contemporary and forthcoming technologies such as glazing for energy 

efficient buildings and non-emissive information displays.1–3 Large-area devices, such as 

electrochromic “smart windows”, typically have a battery-like design with thin films based on 

tungsten oxide and nickel oxide joined by an intermediate lithium-ion-conducting or 

hydrogen-ion-conducting layer; this three-layer stack is positioned between transparent 

electrically conducting thin films serving as electrodes.4 

       Electrochromic technology is challenging in several ways, and device longevity is a 

critical issue especially for applications in buildings. Durability is a multifaceted property5 

and has attracted much attention recently; it entails aspects such as thin-film deposition under 

optimized conditions1–4 as well as additives to the base electrochromic material. Additions of 

titanium have been studied in particular detail and have involved films prepared by 

evaporation,6–8 sputtering,9–18 various chemical9,19–28 and electrochemical29–32 techniques, as 

well as plasma polymerization.33 In-depth studies of films made by sputtering12,13 and 

chemical deposition25,28—using electrochemical techniques, transmission electron 

microscopy, atomic force microscopy, Raman spectroscopy, and more—have demonstrated 

unambiguously that additions of Ti provide increased structural and electrochemical stability 

to WO3. Additions of Ti + Mo are able to combine electrochemical stability with approximate 

color neutrality.34 Apart from by co-deposition, additives can be incorporated by 

electromigration of species from the transparent electrode under potentiostatic 

pretreatment.35,36 Furthermore, it was discovered recently that electrochemical posttreatment 

could rejuvenate electrochromic films that had deteriorated under voltammetric cycling in a 

Li-ion-conducting electrolyte. This phenomenon was demonstrated for W oxide37–39 and Ti 

oxide40 under galvanostatic as well as potentiostatic conditions and was unambiguously 

related to expulsion of trapped Li at least in the case of W-oxide-based films.41,42 Finally, it 

should be noted that degradation of electrochromism is a gradual phenomenon whose 

progression rate can be modeled by a power-law,43,44 which implies that life-time prediction is 

feasible.  

       The present study significantly extends our earlier work on durability enhancement of 

electrochromic W oxide films by addition of Ti (Ref. 15) and on life-time modeling for WO3 

films.44 Specifically, we investigate potentiostatic rejuvenation of mixed W–Ti oxides, rather 
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than rejuvenation of pure WO3 (Refs. 37–39) and TiO2 (Ref. 40) as has been done in the past. 

Furthermore we model the gradual degradation of W–Ti oxide films over time in order to 

quantify the beneficial effect of Ti and elucidate mechanisms behind the degradation.  

 

Experimental 

       Thin-film deposition.—W–Ti oxide thin films were prepared by reactive DC magnetron 

sputtering using a deposition system based on a Balzers UTT 400 unit. Depositions took place 

from 5-cm-diameter 99.95-%-pure targets of W, W(95 wt%) + Ti(5 wt%), and W(90 wt%) + 

Ti(10 wt%) onto glass substrates pre-coated with In2O3:Sn (ITO) having a resistance of 60 

Ω/square. The deposition system was evacuated to ~10–7 Torr and the targets were pre-

sputtered in 99.997-%-pure Ar for about 5 min to remove surface contamination. Oxygen gas 

with purity of 99.997% was then introduced into the deposition chamber so that the O2/Ar 

ratio was 0.133 and the total pressure was 30 mTorr. Sputtering took place onto unheated 

substrates at a constant power of 200 W. The distance between the target, and the substrate 

was 13 cm and the substrate was rotated during deposition to assure uniform film thickness. 

Deposition rates were obtained by dividing film thickness—measured ex situ using a Bruker 

Dektak XT surface profilometer—by sputtering time and were found to be 38, 30, and 13 

nm/min for films prepared from targets of  W, W(95 wt%) + Ti(5 wt%), and W(90 wt%) + 

Ti(10 wt%), respectively. The samples discussed below had film thicknesses of 300 ± 20 nm.  

       Compositional and structural analysis. —Elemental compositions of the W oxide and 

W–Ti oxide thin films were determined by Time-of-Flight Elastic Recoil Detection Analysis 

(ToF-ERDA) using facilities at the Tandem Accelerator Laboratory of Uppsala University. A 

primary beam of 36 MeV 127I8+ ions was incident onto the sample at an off-normal angle of 

67.5°, and time-of-flight and energy detectors were fixed at 45° with respect to the direction 

of this beam. ToF-ERDA coincidence spectra, depicted in Figure S1 in Supporting 

Information, were recorded and then transformed to concentration profiles using the Potku 

software.45 Resulting elemental depth profiles are shown in Figure 1, wherein three regions 

can be distinguished along the depth axis as indicated by the vertical lines. The first of these 

shows the presence of an oxygen-rich surface layer; this region can be observed up to ~300  

1015 atoms/cm2 and may be dominated by contamination. The second region, at ~(300–750)  

1015 atoms/cm2, is fairly uniform and shows signals originating from elements in the sputter 

deposited thin films. Finally, a third region appears at depths above ~750  1015 atoms/cm2, in 
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which a signal from ITO can be discerned. The mass resolution of the ToF-ERDA set-up does 

not allow separation of signals from In and Sn under the current experimental conditions, and 

hence only their combined atomic fraction is shown in Figure 1. Average concentrations of 

the constituents in the W oxide and W–Ti oxide thin films were deduced from integration 

across the depth range of the second region; results are presented in Table I which also shows 

the most important elemental ratios. The presence of ~6 at% of hydrogen may be associated 

with OH groups on surfaces as well as adsorbed water molecules; the hydrogen content is 

uncertain since this light species may be dislodged, at least to some extent, by the ion 

bombardment.46 The origin of the small amount of carbon is not known. Excluding the 

contents of H and C, the compositions of the thin films can be conveniently given as WO3, 

W0.87Ti0.13O3, and W0.80Ti0.20O3; it should be observed, though, that the actual oxygen content 

in one of the samples is slightly lower than stated by this notation. Samples similar to the ones 

reported on here were analyzed by Rutherford Backscattering Spectrometry—which is less 

accurate than ToF-ERDA in the present case—in earlier work;15 the results of the two 

analysis techniques are consistent. 

       Structural characterization was performed by X-ray diffraction using a Siemens D5000 

diffractometer operating with CuKα radiation at a wavelength of 1.54 Å. Nothing but 

diffraction features due to ITO could be observed implying that the films of W oxide and W–

Ti oxide were amorphous. 

       Electrochemical and optical procedures. —Electrochemical measurements with cyclic 

voltammetry (CV) were carried out using a BioLogic Science Instruments SP-200 

electrochemical interface together with a standard three-electrode cell wherein thin films of W 

oxide and W–Ti oxide on ITO-coated glass served as working electrodes, Li foil was used as 

reference and counter electrodes, and the electrolyte was 1 M LiClO4 dissolved in propylene 

carbonate. All potentials are stated with reference to Li/Li+. CV measurements were executed 

at a rate of 20 mV/s, and the potential was scanned in the ranges 1.5–4.0, 1.6–4.0, 1.7–4.0 and 

2.0–4.0 V. In-situ optical measurements were performed with a setup that has a light-emitting 

diode (LED) and a photodiode sensor. The LED produced green light with a peak at a 

wavelength of 528 nm, which is close to the middle of the luminous spectrum, and with a full 

width at half maximum of 33 nm for the intensity distribution. The 100-%-level for optical 

transmittance was taken as the value recorded with nothing but electrolyte in the cell.  

       Potentiostatic treatments for rejuvenating degraded samples were performed by applying 

a voltage of 6.0 V, in the direction for bleaching the electrochromic film, during 20 h. All 
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electrochemical and optical measurements were carried out in argon atmosphere in a glove 

box with water content below 1 ppm. 

 

Results and Discussion 

       Cyclic voltammetry.—Figure 2 shows CV data for thin films of W oxide and W–Ti oxide 

within four potential ranges. The first cycle started at the open circuit potential and progressed 

towards lower potentials. Rapid degradation took place for the wider potential ranges and the 

experiments were aborted after 200 CV cycles for voltage sweeps at 1.5–4.0 and 1.6–4.0 V 

(Figures 2Aa–2Ab, 2Ba–2Bb, and 2Ca–2Cb) whereas up to 500 cycles were used for the less 

harsh electrochemical treatments at 1.7–4.0 and 2.0–4.0 V (Figures 2Ac–2Ad, 2Bc–2Bd, and 

1Cb–1Cd). It is also evident that degradation is most pronounced for the WO3 film, is 

diminished for the film of W0.87Ti0.13O3, and is still smaller for the film of W0.80Ti0.20O3; these 

effects are most apparent for the narrower voltage ranges. The results in Figure 2 are 

consistent with those in earlier work15 which, however, used a lower voltage scan rate.  

       Transmittance modulation and potentiostatic rejuvenation. —Transmittance modulation 

upon charge insertion and extraction—i.e., electrochromism—is shown in Fig. 3 for the 

various thin-film samples. Data during the first 200 or 500 CV cycles were taken in 

conjunction with recording of the voltammograms in Figure 2. The optical modulation 

interval dropped monotonically upon CV cycling, but the evolution was different and strongly 

dependent on film composition and voltage range. The upper level of the modulation interval 

was found to decrease when cycling was performed at 1.5–4.0, 1.6–4.0, and 1.7–4.0 V 

(Figures 3Aa–3Ac, 3Ba–3Bc, and 3Ca–3Cc), whereas this level remained constant for cycling 

at 2.0–4.0 V (Figures 3Ad, 3Bd, and 3Cd). The lower level of the modulation interval was 

increased for increasing cycle number irrespective of voltage range. Subsequent to the initial 

CV cycling, the samples were treated potentiostatically at 6.0 V during 20 h and were then 

subjected to a 2-h “resting” period at zero voltage in order to regain stable properties. The 

transmittance approached 100% during a period of 1–2 h of potentiostatic treatment for the 

two wider voltage intervals (Figures 3Aa–3Ab, 3Ba–3Bb, and 3Ca–3Cb), whereas the 

approach to 100% was more abrupt at the voltage range 1.7–4.0 V (Figures 3Ac, 3Bc, and 

3Cc); at the voltage range 2.0–4.0 V vs. Li/Li+, the upper transmittance level was not 

significantly affected by the CV cycling, and hence the influence of the potentiostatic 

treatment was essentially nil (Figures 3Ad, 3Bd, and 3Cd). Resumed cyclic voltammetry for 
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100 or 300 cycles made the samples recover their original properties—i.e., led to  

rejuvenation—to an extent that, generally speaking, was more complete the narrower the 

voltage interval. Data for W oxide films are consistent with literature results38,39 for the 

cycling-dependent decline of optical modulation, its rejuvenation, and the fact that the 

degradation of rejuvenated films proceeds faster than for as-deposited films.  

       It is particularly interesting to compare data in Figure 3 for films of W oxide and W–Ti 

oxide. It is then apparent that increasing the Ti content actually leads to faster degradation in 

the widest voltage modulation range, i.e., for 1.5–4.0 V (Figures 3Aa, 3Ba, and 3Ca). In 

addition, the Ti content is not unambiguously efficient for stabilizing the optical modulation if 

the voltage scan is performed at 1.6–4.0 V (Figures 3Ab, 3Bb, and 3Cb), whereas improved 

durability is induced by Ti for the voltage ranges 1.7–4.0 and 2.0–4.0 V (Figures 3Ac–3Ad, 

3Bc–3Bd, and 3Cc–3Cd). Considering potentiostatic rejuvenation, this phenomenon is less 

efficient for the voltage ranges 1.5–4.0 and 1.6–4.0 V when films of W0.87Ti0.13O3 and 

W0.80Ti0.20O3 were studied (Figures 3Ba–3Bb and 3Ca–3Cb) than for pure WO3 (Figures 

3Aa–3Ab), whereas rejuvenation was more complete for the voltage ranges 1.7–4.0 and 2.0–

4.0 V for W0.87Ti0.13O3 and W0.80Ti0.20O3 (Figures 3Bc–3Bd and 3Cc–3Cd) than for WO3 

(Figures 3Ac–3Ad). Thus Ti incorporation into WO3 and potentiostatic posttreatment are 

indeed able to operate in tandem and produce electrochromic films with superior durability—

but only if the lower limit of the voltage range for optical modulation is above a value in the 

interval 1.6–1.7 V. 

       Modeling of electrochemical degradation. —Figures 2 and 3 give pictorial renditions of 

degradation under electrochemical cycling and of potentiostatic rejuvenation for films of W 

oxide and W–Ti oxide. We now turn to quantitative modeling and focus on charge density 

evolution under degradation and rejuvenation. These data were derived from areas surrounded 

by the CV plots in Figure 2, for inserted and extracted charge, and analogous results (not 

shown) for rejuvenated samples. Figure S2 in Supporting Information reports charge density 

as a function of cycle number and shows that inserted and extracted charge densities evolve 

analogously, except for some imbalances during the first few CV cycles especially when the 

voltage range was 1.5–4.0 or 1.6–4.0 V (Figures S2Aa–S2Ab, S2Ba–S2Bb, and S2Ca–S2Cb). 

The most striking result in Figure S2 is the similarity of the charge density evolution before 

and after potentiostatic rejuvenation for CV cycling at 2.0–4.0 V. This similarity is good for 

the film of WO3 (Figure S2Ad), is even better for W0.87Ti0.13O3 (Figure S2Bd), and for 
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W0.80Ti0.20O3 the data for as-deposited film and potentiostatically rejuvenated films are 

practically indistinguishable (Figure S2Cd).  

       More detailed information on charge density evolution for as-deposited and 

potentiostatically rejuvenated films can be gained by showing the difference in inserted and 

extracted charge density during a single CV cycle, denoted δQ. This is an interesting property 

signaling electrochemical irreversibility, that in general is an unwanted feature for device 

applications. Figure 4 shows that δQ displays an initial drop upon CV cycling followed by an 

evolution that depends strongly on Ti content, voltage interval, and whether the film is in as-

deposited state or has been rejuvenated. Regarding as-deposited films (Figures 4Aa, 4Ba, and 

4Ca), data for the voltage range 2.0–4.0 V indicates that the decrease of δQ upon cycling 

proceeds monotonically and δQ is ~0.035 mC/cm2 after 500 CV cycles for WO3 (Figure 4Aa). 

Corresponding numbers are as small as ~0.025 and ~0.015 mC/cm2 for W0.87Ti0.13O3 and 

W0.80Ti0.20O3, respectively (Figures 4Ba and 4Ca), which clearly shows that the addition of Ti 

leads to significantly improved electrochemical reversibility. For the wider voltage ranges, δQ 

develops in a more complicated manner and peaks in δQ as a function of cycle number can be 

observed, except in the voltage range 1.7–4.0 V for W0.80Ti0.20O3. The peaks occur after a 

smaller number of CV cycles when the voltage range is widened. Peaks in δQ as a function of 

cycle number have been noted also in earlier work on thin films of W oxide and W–Ti 

oxide.15 For the potentiostatically rejuvenated films (Figures 4Ab, 4Bb, and 4Cb), there is a 

qualitative difference from the corresponding data for as-deposited films in that no peaks in 

δQ as a function of cycle number can be observed (with a possible exception for the WO3 film 

at 1.5–4.0 V). The values of δQ after 300 CV cycles in the voltage range 2.0–4.0 V are almost 

the same for the as-deposited and rejuvenated films of WO3, whereas the films of 

W0.87Ti0.13O3 and W0.80Ti0.20O3 display slightly larger values of δQ and hence enhanced 

electrochemical irreversibility after rejuvenation.  

       The evolution of charge density Q as a function of cycle number x, reported in Figure S2, 

can be analyzed in more detail following recent work on electrochromic Ni oxide43 that was 

later extended to WO3.
44 Specifically, a good description of Q(x) was obtained from a power-

law according to 

       𝑄(𝑥)  = 𝐴2 +
𝐴1−𝐴2

1+(
𝑥−1

𝑥0
)

𝑝   ,                    (1) 
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where A1 is initial charge density, A2 is eventual residual charge density observed after a large 

number of cycles, x0 is the cycle number at which the decline in Q has reached half of its final 

value, and p is a power-law exponent. Equation 1 should be regarded as a convenient 

expression for parametrization of empirical data, although it is reconcilable with notions from 

dispersive chemical kinetics.47–49 In many cases, the chemical reaction rate coefficient was 

observed to be time-dependent.47 The time-dependence of this dispersive kinetics is often in 

the form of a power-law, for example for diffusion-limited reactions, implying fractal 

processes. Equation 1 follows for a bimolecular reaction described by second-order equal 

concentration kinetics, in which the rate coefficient has a power-law time dependence.47 An 

analogous, and for practical purposes equivalent, parameterization is possible by use of a 

stretched-exponential expression,43 which can be rationalized from first-order kinetics.47 

       Figure 5 illustrates the evolution of the inserted charge density (cf. Figure S2), before and 

after potentiostatic rejuvenation, for films of W oxide and W–Ti oxide. The empirical data are 

fitted to Equation 1 using parameters listed in Table II. Most importantly, the power-law 

expression represents the data very accurately for as-deposited as well as for potentiostatically 

rejuvenated films, albeit minor deviations can be seen for the lowest and the highest cycle 

numbers. Data recorded in the voltage range 2.0–4.0 V (Figures 5Ad, 5Bd, and 5Cd) illustrate 

that addition of Ti to WO3 improves the ability to potentiostatically rejuvenate the thin-film 

samples, and that this effect is virtually perfect for W0.80Ti0.20O3. The parameters for the as-

deposited WO3 film are in good accord with those reported before.44  

       Several interesting observations can be made from the data in Table II and are of interest 

for interpreting Equation 1 in terms of dispersive chemical kinetics. Firstly, it is seen that the 

kinetic exponents consistently are of the order one or smaller after potentiostatic rejuvenation, 

while these exponents in most cases are much larger for the initial degradation. Values of p 

less than or equal to unity are consistent with diffusion-limited dispersive kinetics.47,48 

However, enhanced diffusion processes48 need to be invoked in order to explain exponents 

significantly larger than unity, but such mechanisms appear unlikely in solid-state systems. 

Secondly, a striking pattern in the exponent values can be observed in the case of degradation 

of as-deposited films. Values of p < 1 are found for all experiments in the potential range 2.0–

4.0 V, and the exponent for the W0.80Ti0.20O3 film in the range 1.7–4.0 V is not far from unity 

either. These are the cases for which the degradation is least severe and moreover occurs in a 

gradual fashion, similarly to most of the data obtained after rejuvenation. In fact, kinetic 

exponents much larger than unity are correlated with abrupt onsets of degradation (Figure 5), 
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the occurrence of a peak in the difference between inserted and extracted charge density 

(Figure 4) and, for the case of degradation of as-deposited films, with degradation of both 

transparent and colored states (Figure 3). Hence we propose that the large values of the 

kinetic exponents in the initial degradation can be associated with the coexistence of two 

degradation mechanisms; one of these mechanisms, whose origin is unknown, is rendered 

inactive by the potentiostatic rejuvenation, while a mechanism based on dispersive chemical 

kinetics operates both initially and in the rejuvenated samples. 

       A note on coloration efficiency.—Data on charge insertion and ensuing optical 

modulation for thin films of W oxide and W–Ti oxide allow calculations of coloration 

efficiency (CE), which is a parameter of technical importance, from 

       CE =
ln(𝑇𝑏 𝑇𝑐)⁄

∆𝑄
   ,                     (2) 

where Tb and Tc are transmittance at fully bleached and colored states and ΔQ is 

corresponding difference in charge density. Figure 6 shows data taken for as-deposited films 

at different voltage ranges and shows that, generally speaking, CE shrinks as the voltage 

range is widened. This implies that a considerable amount of the charge inserted at potentials 

below 2.0 V goes into optically inactive states or perhaps states with low optical absorption. 

An intriguing feature, which as far as we know has not been reported before, is the occurrence 

of distinct peaks in some of the data on CE. These peaks are most evident at 1.5–4.0, 1.6–4.0, 

and 1.7–4.0 V for films of WO3 (Figure 6A) and at 1.5–4.0 and 1.6–4.0 V for films of 

W0.87Ti0.13O3 and W0.80Ti0.20O3 (Figures 6B and 6C). It is interesting to note that the charge 

exchange (Figure S2) in the initial cycles before the peaks in Figure 6 probably exceeds the 

limit at which the optical absorption reaches a peak and afterwards starts to decrease. This site 

saturation effect50,51 would lower the coloration efficiency and thus be able to explain the 

lower CEs at the left-hand side of the peaks in Figure 6. However, the origin of the decrease 

on the right-hand side of these peaks is not known. 

 

Conclusion 

       Thin films of W oxide and Ti–W oxide were prepared by reactive DC magnetron 

sputtering and were subjected to voltammetric cycling in potential ranges between 1.5–4.0 V 

and 2.0–4.0 V. As-deposited films were degraded with regard to electrochemical and optical 
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properties by this treatment, but the films could subsequently be rejuvenated, at least partly, 

by potentiostatic treatment at 6.0 V. A major result is that Ti incorporation and potentiostatic 

posttreatment were able to operate in tandem and jointly yielded electrochromic films with 

superior durability, provided that the lower limit of the potential range was above 1.6–1.7 V. 

For still lower limiting potentials, Ti additions did not lead to improvement of the durability. 

It was also found that power-law kinetics could be used successfully to model the decline of 

the charge density for as-deposited as well as potentiostatically rejuvenated films. Power-law 

exponents below unity were reconciled with dispersive chemical kinetics. In the initial 

degradation, exponents significantly larger than unity were frequently found. These results 

point to the coexistence of two degradation mechanisms, one related to dispersive chemical 

kinetics and operating universally and another, of unknown origin, inactivated by the 

rejuvenation treatment. Our results are important in the quest for durable electrochromic 

device technology, especially “smart windows” for energy efficient buildings.   
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Table I. Elemental concentrations and ratios in W oxide and W–Ti oxide thin films as obtained from ToF-

ERDA. 

Sample 
Elemental content (at%) Elemental ratio 

W O Ti H C W/(W+Ti) Ti/(W+Ti) O/(W+Ti) 

WO3 22.5  0.5 69.3  1.4 – 5.8  0.4 2.4  0.3 – – 3.08 0.09 

W0.87Ti0.13O3 21.1  0.5 67.5  1.4 3.0  0.3 5.5  0.5 2.9  0.3 0.870.03 0.130.01 2.80 0.09 

W0.80Ti0.20O3 18.3  0.4 67.9  1.4 4.7  0.3 6.2  0.5 3.0  0.3 0.800.03 0.200.01 2.95 0.09 

 

 

 

Table II. Parameters for fitting Eq. 1 to experimental data on the cycling-dependent decay 

of charge density in thin films of W oxide and W–Ti oxide. 

 Before rejuvenation After rejuvenation 

Sample 
Potential            

range (V) 
A1 A2 x0 p A1 A2 x0 p 

WO3 1.5–4.0 

1.6–4.0 

1.7–4.0 

2.0–4.0 

49.24 

38.14 

35.90 

24.31 

1.88 

0 

0 

0 

50.14 

125.73 

240.93 

558.86 

2.40 

3.26 

2.29 

0.78 

28.84 

23.85 

22.82 

18.36 

0 

0 

0 

0 

36.12 

235.47 

106.11 

763.38 

1.14 

0.69 

0.85 

0.86 

W0.87Ti0.13O3 1.5–4.0 

1.6–4.0 

1.7–4.0 

2.0–4.0 

37.97 

37.08 

30.18 

19.30 

4.41 

2.10 

0 

0 

30.32 

84.75 

352.58 

897.70 

2.73 

2.33 

1.63 

0.76 

26.31 

26.57 

20.13 

15.44 

0 

0 

2.53 

3.28 

19.19 

27.10 

229.09 

785.14 

0.84 

0.76 

0.89 

0.90 

W0.80Ti0.20O3 1.5–4.0 

1.6–4.0 

1.7–4.0 

2.0–4.0 

39.73 

35.81 

29.43 

16.56 

6.17 

0 

4.09 

0 

24.98 

117.94 

447.69 

1471.57 

2.08 

1.74 

1.22 

0.91 

32.88 

32.97 

19.75 

16.70 

0.68 

0 

4.05 

6.29 

6.73 

16.95 

340.98 

511.35 

0.66 

0.68 

0.75 

1.11 
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Figure 1. Depth profiles of the shown elements for ~300-nm-thick films of WO3 (panel A), 

W0.87Ti0.13O3 (panel B), and W0.80Ti0.20O3 (panel C) on ITO-coated glass. Data are based on 

the ToF-ERDA coincidence spectra reported in Fig. S1. Vertical lines indicate approximate 
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boundaries between regions dominated by surface oxidation, the bulk of the film, and where 

the ITO layer on the substrate becomes detectable. 
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Figure 2. Cyclic voltammograms for ~300-nm-thick films of WO3 (panels Aa–Ad), 

W0.87Ti0.13O3 (panels Ba–Bd), and W0.80Ti0.20O3 (panels Ca–Cd) recorded in the indicated 

voltage ranges. Small vertical arrows signify open circuit potentials at which the initial sweep 

began, and other arrows denote voltage sweep direction. 
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Figure 3. Transmittance at a wavelength of 528 nm vs. time, recorded during cyclic 

voltammetry in the indicated voltage ranges, for ~300-nm-thick films of WO3 (panels Aa–

Ad), W0.87Ti0.13O3 (panels Ba–Bd), and W0.80Ti0.20O3 (panels Ca–Cd). Data were taken for the 

shown number of cycles, interspersed by a 20-h period for potentiostatic rejuvenation and 

ensuing Li-ion detrapping and a 2-h “resting” period. The different scales on the horizontal 

axes should be noted. 
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Figure 4. Difference between inserted and extracted charge density (δQ) during a single 

voltammetric cycle vs. cycle number for ~300-nm-thick films of WO3 (panels Aa–Ab), 

W0.87Ti0.13O3 (panels Ba–Bb), and W0.80Ti0.20O3 (panels Ca–Cb). Data are reported of as-

deposited (panels Aa, Ba, and Ca) and potentiostatically rejuvenated (panels Ab, Bb, and Cb) 

samples. Voltages were swept in the indicated voltage ranges. 
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Figure 5. Charge density vs. cycle number for ~300-nm-thick films of WO3 (panels Aa–Ad), 

W0.87Ti0.13O3 (panels Ba–Bd), and W0.80Ti0.20O3 (panels Ca–Cd). Data were obtained from 

cyclic voltammetry, recorded in the indicated voltage ranges, for as-deposited and 

potentiostatically rejuvenated samples. Symbols represent experimental data and curves were 

drawn according to Eq. 1 using parameters in Table 2.  
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Figure 6. Coloration efficiency vs. cycle number for ~300-nm-thick films of WO3 (panel A), 

W0.87Ti0.13O3 (panel B), and W0.80Ti0.20O3 (panel C) from data recorded for the indicated 

voltage ranges. 
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