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1. Introduction

The need for energy saving and sustain-
able technologies is of increasing priority 
in order to counteract global climate 
change despite a growing population and 
the associated increase in primary energy 
demand.[1,2] Due to their diversity and 
versatility, transition metal oxides play 
a central role in energy-related applica-
tions,[3–7] such as lithium-ion batteries, 
supercapacitors, photo- and electrocata-
lysts or electrochromic (EC) devices.[8–17] 
In order to stabilize the oxides against 
undesired side reactions, thin inert pro-
tective layers can be used as shown, e.g., 
for cathode materials in lithium-ion bat-
teries.[18–21] EC devices have the poten-
tial to play a key role in energy saving in 
the building sector, which accounts for 
42  % of the European energy consump-
tion.[22,23] For this purpose, the electro-
chromic effect is used in so-called smart 
windows. Electrochromism is based on 

the reversible change of optical absorption stimulated by an 
external voltage, which causes a redox reaction by (de-)inter-
calation of adequate ions (e.g., H+, Li+ or Na+) of an electro-
lyte into the EC material. As a consequence, coloration or 
bleaching processes in the material occur. In general, EC 
materials can be categorized into two different types. One type 
is represented by so-called anodic EC materials, in which the 
deintercalation of ions causes the coloration. These include, 
among others, the oxides of Ni or Ir.[24] The other type is rep-
resented by cathodic EC materials. They exhibit coloration 
upon intercalation of ions. Typical representatives are MoO3, 
or WO3. Tungsten oxide can be considered the most estab-
lished EC material, as was already mentioned by Deb in 1969 
and it has been subject to intensive research ever since.[25–27] 
Its cathodic EC mechanism yields strong coloration upon ion 
intercalation. Thereby, the optical state modulates from color-
less transparent to a deep blue color. This process results in  
the reversible formation of a tungsten bronze MyWO3, 
according to
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Electrochromic materials play a key role in smart windows, displays or 
anti-glare rear-view mirrors. Tungsten oxide is an intensely studied repre-
sentative due to its extraordinary coloring performance. For commercial 
use, however, further optimization of the general cycle stability as well as 
the protection against external factors, such as moisture, is a still ongoing 
focus of research. In this study, the stabilization of the electrochromic 
switching performance of tungsten oxide is investigated using an ultrathin 
optimized Al2O3 protective coating, grown by atomic layer deposition. 
Amorphous tungsten oxide (a-WOx) thin films are prepared by reactive 
radio-frequency sputtering. The composition as well as electronic structure 
of the pure a-WOx films is studied by X-ray photoelectron spectroscopy. 
The electrochromic properties of the multilayer system are investigated in a 
nonaqueous electrolyte as well as in an electrolyte containing 10 vol% water. 
On the basis of these results, the stabilizing effect on the electrochromic 
switching characteristics of a-WOx by the use of the additional thin Al2O3 
protective layer is evident. It is shown that degradation and ageing of a-WOx 
due to moisture can be prevented and coloration efficiencies of 50.4 cm2 C−1 
can be achieved at 630 nm.
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Here, y represents the respective injected quantity of ions and 
electrons. As ion M+ often H+, Li+ or Na+ are intercalated.[28]

A variety of different methods can be used for the prepara-
tion of tungsten oxide. These include wet chemical synthesis 
methods as well as gas-phase techniques.[29–38] Depending 
on synthesis method and preparation parameters, the com-
position, crystal structure or morphology can be specifically 
adjusted to ensure proper function for the desired application. 
In terms of composition, sputter-deposited samples of near-
stoichiometric tungsten oxide have a lower coloration efficiency 
than sub-stoichiometric tungsten oxide (WOx, x <  3).[39] Sub-
stoichiometric WOx exists in a large number of stable, so-called 
Magnéli phases.[40] Thereby, WOx with a ratio of O/W  >  2.5 
appears transparent and largely colorless, O/W  ≃  2.5 blue, and 
O/W  <  2.5 shows a metallic character in color.[41] Irreversible 
charge transfer and coloration in the first cycle is reported for 
super-stoichiometric samples.[42–44] Thus, especially concerning 
sputtering techniques, the O2/Ar gas flux ratio is the main 
adjustment screw to obtain thin films with improved electro-
chromism.[45–47] Just recently, Atak and co-workers addressed 
the variation of O2/Ar gas flux ratio and, to a lesser extent, total 
pressure in DC magnetron sputtering to open up a parameter 
space to demonstrate WOx thin films with suitable EC charac-
teristics upon cycling in an 1  m lithium perchlorate (LiClO4, 
98%) / propylene carbonate (PC, 99%) electrolyte.[47] However, 
even their best samples showed degradation upon extended 
cycling in terms of decrease in charge capacity and higher dark-
state transmittance implying lower optical modulation.

Compared to crystalline tungsten oxide, a more efficient and 
faster coloration mechanism is reported for amorphous tung-
sten oxide (a-WOx). The less densely packed atomic structure in 
a-WOx promotes ion mobility and, thus, has a beneficial effect 
on the coloration rate. A disadvantage, however, appears to be a 
reduced long-term stability as compared to the crystalline coun-
terpart.[40] Hence, in amorphous layers there is even more need 
to mitigate degradation to improve the long-term cycling capa-
bilities of devices employing such layers. Nanostructured WOx 
can achieve a faster response time and good durability due to an 
increased surface area.[48,49] Additionally, specific improvement 
of the electrochromic properties can be achieved by doping. For 
this purpose, a variety of dopants have been reported.[36,50–61]

Besides the specific adaptation of the properties through the 
selected preparation method, external factors can also influ-
ence the electrochromic characteristics. For example, water 
can adsorb on the surface of a thin film or even diffuse into 
the layer structure. The influence of water is reported as the 
main reason for the shortening of the lifetime of WOx due to 
the dissolution of the material.[62] At the same time, a water 
content of at least 50  ppm is required for the use of organic 
electrolytes in order to be able to reversibly switch evaporated 
WO3.[63] Reichman and Bard demonstrated that water is incor-
porated into the film during electrochemical measurement and, 
thus, its composition is altered.[64] In particular, hydrous sam-
ples showed a significant decrease in current over the measure-
ment period. Yoshiike et al. studied aging effects due to sample 
storage in humid atmosphere using an organic electrolyte.[65,66] 
They report a negative shift in the cathodic reaction due to 
hydroxylation and hydrolysis. Leftheriotis et  al.[67] and Judein-
stein et  al.[68] found the same for tungsten oxide prepared in 

an aqueous sol-gel process. Here, the decreased cycle stability 
and faster degradation are attributed to irreversible Li+ trapping 
according to the reaction[69]

W OH Li W OLi H( ) ( )− + → − ++ + 	 (2)

The influence of moisture and the resulting material aging 
is relevant for various fields of applications.[70,71] Additional 
coatings are used to stabilize the material and prevent aging. 
Among those applications, Al2O3 coatings are often being 
investigated as moisture barriers in solar cells or to improve 
the surface passivation of components for metal-oxide semicon-
ductor capacitors.[20,72–76] Especially in lithium ion batteries the 
beneficial impact of an Al2O3 protective layer is ascribed to the 
build-up a Li–Al–O glass instead of any undesired interaction 
with carbonate-based electrolytes.[76–80] Realizing the close com-
parability of battery applications in terms of the type of ions to 
be transferred across the interface, Al2O3 is a most likely candi-
date as suitable protection layer.

In the present study, we evaluate the effect of an Al2O3 pro-
tective layer prepared by atomic layer deposition (ALD) on the 
electrochromic switching characteristics of a-WOx. In the present 
case, the ultrathin Al2O3 layer prevents surface degradation of the 
tungsten oxide and the related loss of electrochromic switching 
performance as well as general electrochemical stability. Thus, 
we avoid the direct contact of the tungsten oxide layer with the 
electrolyte and bypass undesirable side reactions such as corro-
sion at the surface and maintain facile operation of the layers.

2. Results and Discussion

Prior to this work, WOx samples have been prepared by 
radio-frequency (RF)-magnetron sputtering employing dif-
ferent sputter parameters, particularly different O2/Ar gas flux 
ratios. In accordance to our previous work on ion-beam sput-
tering of WOx,[36] layers produced under high O2/Ar flux ratio 
were highly transparent, whereas below a certain threshold in 
the O2/Ar flux ratio, a blue coloration of the layers occurred, 
implying a relatively strong oxygen deficit. Here, we restrict 
ourselves to the discussion of as-deposited films, grown with an 
O2-gas flux of 20 sccm and an Ar flux of 30 sccm. Those layers 
are oxygen-deficient, yet appear still transparent.

On the basis of X-ray photoelectron spectroscopy (XPS) 
measurements, pristine layers show no unexpected elements 
apart from some surficial carbon (cf. XPS survey spectrum in 
Figure  S1, Supporting Information). In-depth analysis is per-
formed using the regions set for the W 4f and O 1s core levels 
(cf. Supporting Information, Figure S2) in the XP spectra. 
Figure 1a shows the W  4f core spectra of differently treated 
a-WOx layers. In addition to the XPS signal of a sample in the 
as-deposited state, we compare samples with Li+ intercalated at 
charge densities of 10, 20, 40, and 60 mC cm−2, respectively. In 
each case, the charge is inserted by chronopotentiometry (CP). 
Additionally, we show the W 4f spectrum of a sample that has 
been subsequently discharged in an additional chronoamper-
ometry (CA) step  (1.5  V for 10  min) after an intercalation of 
60  mC  cm−2. In all cases, the doublet formed by W  4f7/2 and 
W 4f5/2 of the W6+ oxidation states dominates the W 4f signal. 
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For the as-deposited sample, the former has a binding energy 
(BE) of about 35.6 eV.[81–84] For all presented XP spectra, the dif-
ference in spin-orbit separation of the W 4f corresponds to the 
expected ΔBE(W 4f5/2 − W 4f7/2) = 2.1 eV.[84]

In addition to the main signal of the doublet, the W  5p3/2 
signal appears at higher binding energies (about 41.2 eV). How-
ever, we do not include the split signal of the W 5p1/2 in our fit 
due to the weakness of the W  5p signals. The intensity ratio 
of I(W  5p3/2)/ I(W  4f7/2) corresponds to a value of 0.08 for all 
species considered, as is also reported by Xie et al..[84] The cor-
responding positions of the W 4f and W 5p signals are given in 
Table 1. All fits of the tungsten species shown are performed 
with a mixed Gaussian/Lorentzian line-shape (%L–G = 50).

After Li+ intercalation of 10  mC  cm−2, the W  4f signal 
shows an additional weak signal at lower binding energies, cf. 
Figure 1a-ii. This can be attributed to the presence of the W5+ 
species. It is formed by the reduction that takes place during the 
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Figure 1.  a-i) W 4f core level spectra of an as-deposited sample, as well as ii–v) Li+ intercalated samples with amounts of 10, 20, 40, and 60 mC cm−2, 
as well as vi) a final deintercalated sample. b) The shares of the oxidation states derived from the peak areas at different intercalated charge density. 
c) Simultaneously, the respective transmittance as well as the resulting calculated color impression (color fields in legend).

Table 1.  XPS fit parameters of different oxidation levels for the W 4f7/2 as 
well as for the W 5p3/2 signal.

Tungsten oxidation states W 4f7/2 BE [eV] W 5p3/2 BE [eV]

W6+ 35.6 ± 0.1 41.2 ± 0.2

W5+ 34.1 ± 0.1 39.7 ± 0.1

W4+ 33.6 ± 0.2 38.5 ± 0.2
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intercalation process and accounts for about 9.5% of the total 
W 4f signal. Upon further Li+ intercalation with charge densi-
ties of 20 and 40 mC cm−2, the fraction of W5+ species increases 
to 16.7 and 18.5%, respectively. For an intercalated charge den-
sity as high as 60 mC cm−2, we observe the additional signal of 
the W4+. With a share of 14.6%, it even exceeds the W5+ species, 
which account for only 5.2%. Thus, it is reasonable to assume 
that reduction predominantly occurs according to W5+  →  W4+ 
at high degrees of intercalation. For an intercalated charge  
density of about 20 mC cm−2 and above, the decreasing signal 
of W6+ shows saturation. Thus, the fraction of this species 
at the sample surface decreases only slightly for introduced 
charge densities ≥20 mC cm−2. However, all procedures have in 
common, that the initial state can be almost completely restored 
by a subsequent deintercalation process carried out by CA at 
1.5  V. Only a small fraction of remaining W5+ states appears 
from the W 4f spectrum, cf. Figure 1a-vi,b. Figure 1c shows the 
electrochromic coloration characteristics of the a-WOx film in 
dependence on the charge densities. In addition to the trans-
mittance, the optical color impression of the layer is shown as 
color boxes in the legend. For the untreated sample, this shows 
a colorless state. Accordingly, the transmittance is almost 80% 
across the entire visible spectral range. After an injected charge 
density of 10  mC  cm−2, a significant coloration of the sample 
is already visible. Here, coloration appears much stronger in 
the range of longer wavelengths. Hence, the maximum trans-
mittance of less than 60% is found in the violet-blue spectral 
range. Further Li+ intercalation of 20 to 40  mC  cm−2 results 
in a constant decrease of the maximum transmittance (from 
about 15 to 20%), so that one obtains a dark blue color impres-
sion for the layer. At an intercalation level of 60 mC cm−2, the 
transmittance is about 2.5 and 1.2% at wavelengths of 550 and 
630 nm, respectively. In the subsequently presented studies of 
electrochromic switching performance the charge density was 
fixed at about ≤40 mC cm−2 to focus on the first reduction step 
of W, to study the most relevant range of transmittance changes 
and to safely stay in the chemically reversible range.
Figure 2a shows an SEM image of the surface of the 

fluorine-doped tin oxide (FTO) substrate consisting of an arbi-
trarily arranged, fine-grained structure consisting of increas-
ingly sharply pointed, angular grains with an extension of up 
to 170  nm. For the pure a-WOx layer, cf.  Figure  2b, we obtain 
a grainy structure despite the absence of reflections in X-ray 
diffraction. Indicated by a rather similar number of grains per 
area, it can be assumed that the a-WOx layer is influenced in its 
growth by the crystalline properties of the FTO substrate. How-
ever, in contrast to the morphology of the FTO substrate, the 
grains are round and up to 240 nm in size; some smaller grains 
of less than 100  nm diameter are also present. The arrange-
ment of the grains is again arbitrary, resulting in multiple of 
voids. An additional, finer structure is observed on the surface 
of some grains.

Next, we investigate the influence of the Al2O3 coating on 
the surface morphology. Figure  2c shows the SEM image of 
the sample’s surface with additional Al2O3 protective layer. The 
sample morphology is reproduced. Even the sub-structure of 
grains is still seen, showing almost perfect conformal coating 
of a-WOx by an 0.75  nm thick Al2O3. This results in a com-
pletely comparable morphology to that of a pure a-WOx layer.

In the following, we will investigate the electrochromic 
switching performance in order to evaluate the impact of the 
additional Al2O3 barrier. Accordingly, Figure 3 shows the 
spectro-electrochemical data of a pure a-WOx layer (a) and the 
Al2O3|a-WOx layer system (b). Here, we use 0.75  nm of ALD-
grown Al2O3. This thickness was chosen based on a preceding 
analysis of different thicknesses (not shown here), where Al2O3 
coatings of larger thickness showed less favorable performance. 
Most likely there exists a critical parameter above which the 
additional layer significantly limits the Li+ ion transfer into the 
functional WOx layer.

All samples shown are analyzed on the basis of 100 cyclic 
voltammetry (CV) cycles in the voltage range between − 1.0 and 
1.5 V, cf. Figure 3i. The arrows mark the direction of the voltage 
sweep. The electrochemical behavior of a pure a-WOx sample 
is quite stable for the complete measurement procedure. 
All curves are smooth, indicating that no well-defined phase 
changes occur. Only the initial cycle differs significantly from 
the subsequent cycles, typical for conditioning during the first 
cycle. For the intercalation process, the highest current density 
of about −1.19 mA cm−2 is obtained at the reversal of the voltage 
sweep at −1.0 V.

After reaching the scan reversal point, the decrease of the 
intercalation current starts immediately. From about −0.81  V 
the deintercalation current starts. This results in a fast 
increase of the current density to a maximum value of almost 
0.17 mA cm−2. No measurable current flow is registered at the 
positive reversal point of the voltage sweep and the redox cycle 
is completed. The reversibly transferred charge density during 
the first cycle of measurement is 19.3 mC cm−2, cf. Figure 3a-iv.  
Subsequent cycles show a slightly modified voltammogram. 
Here, the maximum current density of the intercalation process 
is − 0.95 mA cm−2. The deintercalation process has a maximum 
current density of about 0.34  mA  cm−2. However, the current 
density is not completely zero at the positive scan reversal 
point. Therefore, the deintercalation reaction is not completed. 
The constant pattern of the CV measurements infers a high 
degree of stability. This is corroborated by the constant charge 
density of about 41  mC  cm−2 across the whole measurement 
procedure, cf. Figure 3a-iv, even higher than in the initial cycle.
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Figure 2.  SEM images of a) the FTO substrate, b) a pure a-WOx layer as 
well as c) the layer system Al2O3|a-WOx|FTO.
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The layer system of Al2O3|a-WOx shows a comparable 
behavior for the electrochemical treatment, cf. Figure 3b-i. Gen-
erally, a slightly reduced current density is evident. The first 
and the second cycle again deviate slightly from the subsequent 
ones. The latter show a maximum current density in the range 
of −0.8 to −0.7 mC cm−2 during the intercalation process, while 
the deintercalation process yields a maximum current density 
of about 0.26 mC cm−2. Compared to the pure a-WOx sample, 
the layer system of Al2O3|a-WOx results in a somewhat reduced 
charge density per cycle of about 34 mC cm−2, cf. Figure 3b-iv.  
However, the Al2O3|a-WOx sample shows superior stability 
upon electrochemical cycling. This is particularly evident 

when considering the transmittance behavior between 350 and 
1000 nm, cf. Figure 3-ii. For both samples, the transmittance of 
their initial state (dashed line), as well as in their intercalated 
(dotted line, at −1  V) and in their deintercalated states (solid 
line, 1.5 V) is shown. Prior to measurement, both samples show 
a transmittance of 70 to 80% across the visible spectral range. 
The transmittance of the intercalated state also shows high sta-
bility for both samples. Here, the transmittance for the pure 
a-WOx sample is less than 20%, whereas slightly higher values 
result for the Al2O3|a-WOx layer system. The more intense col-
oration of the pure a-WOx layer is due to the higher intercalated 
charge density mentioned above.
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Figure 3.  Spectro-electrochemical investigation on a) a pure a-WOx sample and b) for the Al2O3|a-WOx layer system in contact to 1 m LiClO4 in PC.  
i) The electrochemical properties are investigated using 100 CV cycles between −1 and 1.5 V. ii) The optical transmittance is shown for the initial state 
(dashed line) as well as for the intercalated (dotted line, at −1 V) and the deintercalated state (solid line, at 1.5 V). iii) Simultaneously, the transmittance 
hysteresis at 550 and 630 nm is given for the entire measurement. iv) The charge density involved in the CV (upper plot) and the resulting coloration 
efficiency at 550 and 630 nm are shown for every fifth cycle (bottom plot).
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However, a significant deviation in the completeness of dein-
tercalation of both samples is observed for transmittance meas-
urements at a potential of 1.5  V. The initial state of the pure 
a-WOx sample by far cannot be restored during electrochemical 
cycling. As the number of cycles increases, the transmittance 
of the deintercalated state continuously degrades. In particular, 
the first 50 cycles result in a reduction of transmittance to about 
35 to 60%. Subsequent cycles results in a slight brightening; 
nevertheless, the final state in the visible spectral range is only 
about 40 to 65%. Accordingly, the optical impression changes 
between dark blue (at −1.0 V) and a bleached, slightly blue state 
(at 1.5 V), shown in Figure 3a-ii.

The transmittance of the Al2O3|a-WOx layer system recorded 
at a potential of 1.5  V shows an opposite trend. Even though 
the initial state of the sample cannot be fully restored, the 
transmittance in the spectral range between 350 and 675  nm 
even improves over the measurement time. A comparison of 
the fourth and the last cycle shows a brightening of about 8% 
for the considered range. The transmittance drops only slightly  
(2 to 3%) with increasing number of cycles for wavelength 
above 675 nm. The color impression of this film is consequently 
modulated between a blue to a colorless light gray state for the 
final cycle as shown in Figure 3b-ii. Thus, the Al2O3|a-WOx film 
system clearly demonstrates superior switching behavior com-
pared to the pure a-WOx sample.

To underline this finding, Figure  3iii illustrates the cyclic 
change of the optical transmittance at a wavelength of 550 and 
630 nm in dependence of applied voltage for both types of sam-
ples. For the pure a-WOx, the curves obtained for both wave-
lengths are comparable. Upon scan reversal at −1.0 V, the max-
imum coloration is not yet completely achieved. This occurs at 
a potential of −0.85 V. Here, for 550 and 630 nm, the transmit-
tance is less than 5 or 2%, respectively. The coloration is fully 
reproducible for all subsequent cycles. During deintercalation, 
a considerably slower change of transmittance is seen than 
during coloration. Even at 1.5 V, bleaching of the sample is not 
completed yet. After passing the positive scan reversal, the first 
cycles show an ongoing increase in transmittance until they 
reach saturation at about 1 V. We end up with a transmittance 
of about 81%. However, a decrease in brightening is evident for 
later cycles. Thus, the transmittance curves are still increasing 
up to about 0  V, when the next intercalation starts. Conse-
quently, the sample can no longer be fully bleached under the 
present cycling conditions. Notably, the samples can be regen-
erated by subsequent chronoamperometry, cf. Figure  S3 (Sup-
porting Information). Thus, only the switching rate of the layer 
decreases. As a result, the time of deintercalation during pre-
sent cyclic voltammetry is not sufficient, so that the intercalated 
ions cannot be completely removed from the layer.

For the layer system of Al2O3|a-WOx, a comparable transmit-
tance profile is observed in the direction of intercalation. Again, 
the maximum coloration or decolorization occurs considerably 
later than the scan reversal. The most colored states at 550 and 
630 nm have a transmittance of about 8 and 4%, respectively, 
for all cycles and occur at about −0.75  V. For deintercalation, 
however, we observe distinct differences compared to the pure 
a-WOx layer. First, the saturated transmittance range is clearly 
evident in all cycles. Moreover, the values of maximum trans-
mittance increase with cycle number and finally reach a value 

of almost 85% at both 550 and 630 nm at the latest at 0.5 V. A 
comparison of the completely colored and completely bleached 
states of the films as well as a discussion of underlying kinetics 
is provided in cf. Figure S4 (Supporting Information).

Figure 3iv gives the coloration efficiency (CE) resulting from 
the spectro-electrochemical measurements for every fifth cycle 
for 550 and 630  nm, respectively in addition to the charge 
density involved per cycle. The coloration efficiencies develop 
almost identically for both samples and indicate good opera-
tion of the films throughout this electrochemical analysis. The 
high stability of the determined values should be emphasized. 
The coloration efficiency of a pure a-WOx after passing the 100th 
cycle is ≈29.1 cm2 C−1 (at 550 nm) or 37.3 cm2 C−1 (at 630 nm). 
The combined Al2O3|a-WOx layer system yields slightly 
higher values of CE(550 nm) = 29.7 cm2 C−1 and CE(630 nm)  
=  39.5 cm2 C−1, both calculated for the 100th cycle. This obser-
vation is in line with literature, although the overall values 
slightly differ as Li et al. evaluate CE at 670 nm.[85]

As our cycling experiment does not show any decline in 
charge capacity in the first 100 cycles, we are quite optimistic 
that an additional layer of Al2O3 of optimized thickness 
does indeed not degrade the electrochromic performance of 
a-WOx. Apart from a somewhat weaker and slower colora-
tion, the Al2O3|a-WOx sample demonstrates identical colora-
tion efficiency and faster bleaching, leading to more balanced 
charging-discharging kinetics and improved cycling stability 
under the chosen conditions. However, in the future more 
extended cycling has to be performed to further support our 
findings.

The degradation of oxides caused by external factors is often 
studied with the help of environmental chambers.[86,87] Here, 
the samples are exposed to particular conditions (e.g., relative 
humidity, temperature, etc.) for a predefined period of time. 
Based on this approach, the influence of different levels of 
external factors on the aging process of the sample can be eval-
uated. For our approach, we choose a high moisture content 
of our electrolyte to simulate extremely harsh conditions. How-
ever, in the smart window application, this case may occur over 
a longer period of time even with small leakages. If an addi-
tional Al2O3 layer shows a stabilizing effect under these condi-
tions, we are rather confident that degradation of the tungsten 
oxide layer can be prevented even under moderate moisture 
conditions.

The effect of moisture is investigated to fully exploit the 
advantage of the Al2O3|a-WOx layer system compared to a pure 
a-WOx sample. Figure 4 shows a set of spectro-electrochem-
ical data comparable to that in Figure  3, however, with water 
(10  vol%) added to the organic electrolyte. In order to prevent 
possible decomposition of the water component, the CV meas-
urements are carried out in a potential range, between -0.6 and 
1.0 V.

The CV of the pure a-WOx sample shows a significantly 
increased cathodic current density of about −1.29  mA  cm−2 
for the initial cycle, even before reaching the reversal voltage, 
cf. Figure  4a-i. For the following anodic current, on the other 
hand, the maximum current density achieved is comparable 
to the values obtained for the subsequent cycles in the range 
of 0.25  mA  cm−2. This difference in current densities within 
the first cycle points at a strongly irreversible process. Con-

Adv. Mater. Interfaces 2023, 10, 2202422
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sequently, only a small charge density of about 7  mC  cm−2 
can be reversibly (de-)intercalated within the first cycle, cf. 
Figure  4a-iv.  Subsequent cycles yield largely comparable vol-
tammograms for both shape and recorded current densities. 
The maximum current density of the intercalation process is 
−0.47 mA cm−2, measured at scan reversal. Deintercalation cur-
rent densities remain in the range of the initial cycle. However, 
the peak position shifts towards a more negative voltage. A 
rather constant charge density of about 12 mC cm−2 is obtained 
for the remaining cycles, cf. Figure 4a-iv.

In contrast, the CV of the layer system of Al2O3|a-WOx 
exhibits more constant characteristics. The sample shows a 
quite similar shape of CV data as measured in the electrolyte 
without additional water, cf. Figure 4b-i versus Figure 3b-i. Max-
imum current densities of −0.4  mA  cm−2 and 0.18  mA  cm−2 
are found for the intercalation and deintercalation process, 
respectively. The charge density increases slightly from cycle 
to cycle, leading to about 10 mC cm−2 reversibly transferred in 
the final cycle, cf. Figure 4b-iv. It should be noted that smaller 
charge densities are involved in the measurements in contact to 
the water-containing electrolyte, caused mainly by the adapted 
voltage range and in part perhaps by a slightly decreased 
Li+- concentration.

The transmittance characteristics of the pure a-WOx film dis-
plays a mild coloration at −0.6  V for the initial cycles, which, 
however, is deepened in subsequent cycles, cf. Figure  4a-ii. 
Simultaneously, the transmittance of the deintercalated state at 
1.0  V switches back to the initial state or even slightly higher 
for the first 15 cycles. In later cycles, however, the transmittance 
in the bleached state continuously decreases. A similar trend is 
seen for the transmittance of the intercalated state, leading to a 
color change from gray-blue at −0.6 V to beige-brown at 1.0 V in 
the final cycle.

In contrast, the layer system of Al2O3|a-WOx shows consider-
ably more stable optical switching characteristics over all cycles, 
cf. Figure  4b-ii. In particular, the bleached state shows a quite 
constant transmittance of about 80%. Very weak coloration is 
obtained at −0.6 V for the initial cycles. The contrast increases 
significantly in the subsequent cycles. During the final cycle, 
the color impression of the sample changes between light blue 
at −0.6 V and colorless-transparent at 1.0 V, cf. Figure 4b-ii.

Coloration of the pure a-WOx film intensifies cycle by cycle 
as shown for the transmittance at 550 and 630 nm. The trans-
mittance decreases to about 23% at 550 nm and 15% at 630 nm, 
cf. Figure 4a-iii. The transmittance in the bleached state, how-
ever, continuously decreases, leading to 51% at 550  nm and 
59% at 630 nm in the final cycle. Overall, a strong degradation 
of the sample leading to a small contrast between bleached and 
colored state is evident.

The Al2O3|a-WOx layer system, on the other hand, shows 
an increase in optical contrast between the two states over 
the entire course of the measurements stemming from quite 
constant transmittance of the bleached state and progressively 
smaller transmittance in the colored state that results in a 
transmittance of about 38% at 550 nm and 25% at 630 nm in 
the final cycle, cf. Figure 4b-iii. The minimum transmittance is 
reached slightly after scan reversal, indicating slightly smaller 
intercalation through the Al2O3 layer. In contrast, the bleaching 
process is largely completed even before the respective scan 

reversal. For both wavelengths considered, a transmittance of 
more than 85% can be observed over all cycles.

The calculated coloration efficiencies shown in Figure 4iv are 
very similar for both samples. The switching is even more effi-
cient for both samples compared to the previous measurement 
in the purely organic electrolyte, cf. Figure 3iv. This is due to the 
relatively small charge density involved, which, nevertheless, 
ensures a comparably intense optical switching as reflected in 
the higher coloration efficiency. Constancy of the coloration 
efficiency is especially outstanding for the Al2O3|a-WOx layer 
system. Although the charge density increases constantly over 
the time of measurement for this sample, the coloration effi-
ciency stays at a constant level of CE(550 nm) =  34.3 cm2 C−1 
and CE(630 nm) = 50.4 cm2 C−1 in the 100th cycle.

The coloration efficiency obtained for the Al2O3|a-WOx 
sample and, in particular, the high degree of reversibility 
reached in the switching characteristics of this layer system in 
the water-containing electrolyte indicate the superior stability of 
Al2O3|a-WOx over pure a-WOx. We emphasize that the sample 
with the additional Al2O3 protective layer does not show any 
signs of degradation under these conditions. In contrast, the 
pure a-WOx film irreversibly degrades upon extended cycling 
in the presence of water, and a recovery of a bleached state with 
suitable color neutrality cannot be achieved.

3. Conclusion

We deposit widely amorphous tungsten oxide films using RF-
magnetron sputtering and investigate the fundamental elec-
tronic properties. Despite their sub-stoichiometry, we obtained 
colorless, transparent samples. Films with different degrees 
of electrochemically intercalated Li+ ions are investigated by 
X-ray photoelectron spectroscopy. Reduced tungsten species 
W5+ and W4+ produced during the electrochemical treatment 
can be identified. Furthermore, the general electrochromic 
switching performance of the a-WOx films is investigated 
using cyclic voltammetry and chronoamperometric measure-
ments. Over 100 CV cycles, a decrease in the transmittance in 
the bleached state is observed. To stabilize the electrochromic 
properties, an additional, ultrathin Al2O3 layer is deposited by 
ALD on top the a-WOx films. This Al2O3|a-WOx layer system 
exhibits significantly improved stability to the electrochemical 
treatment. We obtain a charge density of about 34  mC  cm−2 
per cycle combined with a coloration efficiency of around  
29.7 cm2  C−1 at 550  nm and 39.5 cm2  C−1 at 630  nm. Addi-
tionally, we emphasize a beneficial effect against the influ-
ence of water. For this purpose, a water content of 10 vol% was 
added to the electrolyte. In general, a rapid degradation of pure 
a-WOx is observed during the electrochemical treatment in CV 
with such water-containing electrolyte, which is mainly evident 
in an increasing deterioration of the bleached state. In con-
trast, the Al2O3|a-WOx layer system shows its superiority in a 
stable electrochromic switching performance. We obtain a col-
oration efficiency of 34.3 cm2 C−1 at 550 nm and 50.4 cm2 C−1 at 
630 nm for the 100th cycle, respectively. The superiority of such 
combined Al2O3|a-WOx layer system and its stabilizing effect 
concerning long-term electrochromic switching may become a 
key factor for future concepts of electrochromic devices.

Adv. Mater. Interfaces 2023, 10, 2202422
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4. Experimental Section
Tungsten oxide films were deposited by RF magnetron sputter 
deposition using a 4  in. W target from Kurt J. Lesker Company with a 
purity of 99.95%. The base pressure of the chamber was in the order 
of 10−7  mbar. The processes were performed with a power density of 
1.2 W cm−2. Reactive sputtering was performed using an argon–oxygen 
gas mixture. All a-WOx samples shown here were grown with an O2-gas 
flow of 20 sccm and an Ar-gas flow of 30 sccm. The purity of both gases 
was 99.999%. FTO (Zhuhai Kaivo Optoelectronic Technology Co., Ltd.) 
coated glass was used as substrate to ensure electrical contact for the 
electrochemical measurements.

The Al2O3 layers were prepared by atomic layer deposition using a 
Picosun R200 Standard system of hot-wall design. Trimethylaluminum 

(TMA) and water were used as precursors without additional heating. 
The substrate temperature was set to 100 °C. In the first half cycle of 
the deposition process, a 0.5 s TMA pulse was introduced followed by a 
0.5 s N2 flush. Subsequently, water was introduced for 3 s and removed 
from the chamber by a 1 s N2 flush. After performing 5 ALD cycles, Al2O3 
films of about 0.75  nm thickness were obtained. The growth rate was 
determined by X-ray reflectometry measurements. The layer thickness 
was optimized in advance to ensure charge transfer of the ions used in 
the electrochemical treatment.

XPS (PHI VersaProbe II, Al Kα  = 1486.6 eV) was used to study 
the material composition and obtain information on the electronic 
structure. The measurements are performed at a source angle of 45°. 
All electrochemically treated samples were pre-cleaned with anhydrous 
isopropanol before the XPS measurement. Charge neutralization 

Adv. Mater. Interfaces 2023, 10, 2202422
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Figure 4.  Spectro-electrochemical investigation on a) a pure a-WOx sample and b) on the Al2O3|a-WOx layer system, using 1 m LiClO4 in PC with 10 vol% 
water as an electrolyte. i) The electrochemical properties are investigated over 100 CV cycles between −0.6 and 1.0 V. ii) The optical transmittance of 
the samples is shown for the initial state (dashed line) as well as for the intercalated (dotted line, at −0.6 V) and deintercalated state (solid line, at 
1.0 V). iii) Simultaneously, the transmittance hysteresis at 550 and 630 nm is given for the entire measurement. iv) The charge density involved in the 
CV (upper plot) and the resulting coloration efficiency at 550 and 630 nm are shown for every 5th cycle (bottom plot).
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was achieved by a combination of an Ar+- and an e−-gun. A common 
procedure of postcalibration referred to the use of the C  1s signal. At 
the same time, this was quite controversial, as there was often no 
accurate knowledge about the exact nature of this signal.[88–91] In this 
study, the postcalibration of the as-deposited sample was performed 
using the W 4f7/2 signal fixed at 35.6 eV, according to literature.[81–84] For 
electrochemically pretreated samples, two etching steps, each of 240 s, 
were performed in situ after studying the sample surface. Here, depth 
profiling was performed by argon ion etching with an accelerating voltage 
of 1 kV. In this process, the etching step induced preferential removal of 
oxygen and simultaneously produced reduced W species, as had already 
been reported for various metal oxides.[84,92,93] Therefore, formation of a 
metallic component could be observed already after two etching steps 
in the W 4f signal. The metallic W 4f7/2 component was used to set the 
postcalibration to 31.0 eV for electrochemically pretreated samples.

Spectro- and electrochemical analyses were performed using an 
IviumStat potentiostat from IviumTechnologies. For the electrochemical 
measurements, a PECC-2 type cell from Zahner-Elektrik GmbH  &  Co. 
KG was used in a three-electrode configuration. Here, the investigated 
layer system acted as the working electrode and a platinum wire 
served as the counter electrode. In addition, an Ag/AgCl reference 
electrode from Innovative Instruments, Inc. was used to which all 
voltages were referred to. The electrolyte used consisted of 1 m lithium 
perchlorate (LiClO4, purity of 99.99%, Sigma-Aldrich Chemie GmbH) 
dissolved in propylene carbonate (PC, anhydrous, Th. Geyer GmbH 
& Co. KG). To study the influence of water on the electrochromic 
switching characteristic, a deionized water content of 10  vol% was 
admixed to the electrolyte. The CP was used for the insertion of 
a specific charge density into the working electrode by applying a 
constant cathodic current density of  −0.65 mA  cm−2 for a defined 
time. The deintercalation step, on the other hand, was performed 
using CA, in which a predefined voltage (here 1.5 V) was applied for a 
specified time. In this study, CV was used as the standard procedure 
for evaluating the electrochromic switching performance. The studies 
in nonaqueous electrolyte were performed using a potential range 
between −1.0 and 1.5  V. Using the aqueous electrolyte, the range 
under consideration was adjusted to −0.6 and 1.0  V. In both cases, 
the measurements were carried out using a sweep rate of 10 mV s−1. 
To evaluate the electrochromic properties, optical measurements were 
carried out in operando using a MultiSpec SC-MCS CCD spectrometer 
(tec5 AG). The color impression of the electrochromic films shown 
here corresponded to the real optical color and was calculated from 
the measurement data of the spectrometer to RGB values using the 
D65 standard illumination according to reference.[94] To calculate the 
coloration efficiency CE, the wavelength-dependent transmittance of 
the intercalated (colored, Tc) and deintercalated (bleached, Tb) states 
yielded the optical density (ΔOD) divided by the charge density dQ 
involved per cycle:

log10

CE OD
dQ

T
T

dQ

b

c= ∆ =



 




	 (3)

Thus, a high coloration efficiency provided a large optical modulation 
with small charge transfer. Here, the coloration efficiency at wavelengths 
of 550 and 630 nm was evaluated.
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