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The electrochromic response of  WO3 thin films under electrochemical insertion from nonaqueous  elec- 
trolytes of  one of  the three different ions: protons, lithium and sodium cations is reported. In spite of  
the common belief that the nature of  the ion does not change the electrochromic effect, we show that 
the sample colouring and bleaching are dependent on the intercalant ion and on the insertion rate. The 
facile insertion of  protons is responsible for the highest optical contrast  and the quickest response time 
of  this intercalation electrode. Lithium and sodium-intercalated electrodes do not  show large optical 
difference from the proton-intercalated tungsten trioxide unless large charging currents are used. 
Subtle changes in electrochromic efficiency and in the optical contrast  in the red part  of  the spectrum 
can be detected; these are larger for the sodium than for the lithium intercalant. According to our 
analysis, the slow insertion kinetics of  Na  + and the formation of  a new MxWO3 (M=Li ,  Na) com- 
pound is responsible for most  of  the observed differences. 

1. Introduction 

WO3 is the most commonly studied electrochromic 
material [1]. Other transition metal oxides in the 
form of thin films (such as TiO2 and VzOs [2]) have 
been recently investigated in view of its utility in smart 
windows [3-8] and antidazzle mirrors [9], as well as 
for large area nonemissive displays [10, 11]. The elec- 
trochromic effect [10] in the above thin films (i.e., the 
colour change induced electrochemically and observ- 
able by the naked eye) has been attributed to the 
simultaneous injection of an electron and of a 
charge-compensating cation [12] (mainly H +, Li +, 
Na + or Ag+), this being interpreted as due to a 
polaron absorption or to a free carrier absorption. 
In theoretical explanations of the optical absorption 
in the intercalated material, the nature of the charge 
compensating cation has usually been disregarded. 
To build practical devices, however, the differences 
resulting from the use of one or another ion are con- 
siderable and they must be taken into account. 

With this concept in mind, we report a comparison 
of the optical properties between the MxWO3 bronzes 
obtained with M = H, Li and Na, with the aim of 
discussing, not only the steady-state situation of an 
intercalated thin film, but also the kinetics of the 
coloration Process. The electrochemical intercalation 
of the three cations has been carried out from non- 
aqueous and aprotic electrolytes to avoid the com- 
plications due to water in the electrochemical 
behaviour of the WO3 electrodes. Such a procedure, 
although established for alkali cations, has not yet 
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been applied for protons, in spite of the fact that 
WO3 thin films are soluble in water [13]. Another 
reason for not using water as a solvent is that the 
small solvent molecules are co-intercalated during the 
cation insertion, as shown for lithium ions by Bohnke 
et al. [14]. In the case, it is also possible that protons 
and lithium ions are both deintercalated during the 
bleaching process, and, consequently, that the colora- 
tion kinetics and the electrochromic efficiency vary 
with the water content of the electrolyte. It is also 
recognized that some water molecules are introduced 
to the sample during the film deposition process and 
during its storage in humid air, and thus play a funda- 
mental role in the electrochromic phenomena [15-17]. 
The incorporated water [18] may change the diffusion 
process in the film by means of an ion exchange reac- 
tion between protons and Li +. In fact, this effect has 
been claimed to be responsible for the high diffusion 
coefficient of lithium ions observed at low concentra- 
tion in the WO3 thin film [19]. If  this is the case, we 
expect a similar ion exchange reaction to take place 
both with lithium and with sodium ions. The aim here 
is to study to what extent this reaction controls the elec- 
trochromic properties of WO3 and the coloration- 
bleaching kinetics at low and high cation concentration. 

2. Experimental details 

WO3 thin films were prepared onto ITO-coated glass 
substrates by evaporation from a tungsten oxide 
source (samples A and B, 290nm and t30nm thick, 
respectively). A few sputtered samples were also 
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prepared for comparison with the evaporated ones 
(sample C, 120 nm thick, obtained by reactive mag- 
netron sputtering from a tungsten target in an Ar/ 
02 gas atmosphere. The electrochemical insertion 
of the different ions was performed in a three-elec- 
trode cell having as electrolyte either CF3CO2H 
0.1 M'+- N[(CH)2CH3]4C10 4 0.4 M in propylene carbo- 
nate (PC), for the experiments with protons, or 
LiC104 1 M in PC (or NaC104 0.7 M in PC) for the 
experiments with the alkali cations. The reference 
electrodes were Pt or Ag/AgC1 (in the case of H+), 
Li or Na metal for the alkali cation electrolytes. 

The stoichiometry of  the tungsten bronzes MxWO3 
was calculated from the inserted charge by the Fara- 
day's law, taking the thin film density equal to 
6 .5gcm -3 [20]. The water content of  the reagents 
was < 0.1% for all the perchlorate salts, < 0.05% 
for CF3COzH and < 0.005% for the PC solvent. 
The cell and the electrodes were always assembled in 
a dry box with low humidity content (< 10ppm), to 
keep water contamination of the electrolyte as low 
as possible, and all the reagents had a purity 
> 99%. Potentiostats from AMEL (models 551, 
553, 565) or EG&G (model 362), and the trans- 
mittance spectra were recorded in situ with an HP 
(model 8452A) diode-array spectrophotometer con- 
nected to an IBM-compatible computer. 

In the galvanostatic intermittant titration technique 
(GITT) [13] the duration of the l mA cathodic 
current pulse was 0.5s, and the relaxation time 
before the next current pulse was 120s. The elec- 
trode potential drifted less than 20mV during the 
last minute of the relaxation time. The frequency 
response analysis (FRA), already employed by Ho 
et al. [21] for similar tungsten oxide films, was 
applied to the data taken with the Solartron 
(model 1250) analyser in the range 1 mHz-6 5 k H z .  
I n  such experiments the electrode charge was varied, 
stepping the electrode potential each time by 0.SV 
in the cathodic direction, and applying an a.c. signal 
to the electrochemical cell only after the residual 
current was less than 0.1 #A. In a similar potential- 
step experiment ( - 0 . 5 V  of step height) the optical 
density variation at three different wavelengths and 
the current decay were recorded as a function of 
time for 25 min, for the three ions. Finally, constant 
current (i.e., galvanostatic) experiments were performed 
to measure the slow changes of the optical density at five 
different wavelengths, taking a step of current density 
of 10 #A crn -2. Complete spectra from 300 to 820 nm 
were also taken each 1 mC cm -2 of  charge passed dur- 
ing similar galvanostatic experiments. 

3. Results 

The diffusion coefficient data from the GITT 
measurements are shown in Fig. 1. The values of D 
for the two ions, derived from the formula [19, 22]: 

4L 2 ( A E ~  
D = (1) 

~- \ A E t /  

follow almost the same curve for small amounts of the 
inserted charge (below 1.4mCcm-2).  For  larger 
charges, DLi+ was always laying above DNa+ and 
approached a lower limit value of 1.3 x 10 -1° cm 2 s -1 
for an inserted charge of 3.5 mC cm -2 and larger. The 
lower limit Of DNa+ from GITT was 3.9x 10 -11 cm 2 s -1 
at an inserted charge of 5 mC cm -2. A similar drop as 
a function of the inserted charge was observed for the 
MxWO 3 electrode potential as well (M = Li, Na, see 
Fig. 2). The electrode intercalated with Na showed a 
larger potential drop than that intercalated with Li. 
In the impedance spectra in Fig. 3 the frequency 
response of the same two intercalation electrodes are 
shown. Their typical response was a loop at higher 
frequencies followed by a tilted straight line at lower 
frequencies, which can be viewed as the response of 
an equivalent circuit of the Randles type. The dia- 
meter of the loop was better defined for the LixWO 3 
electrode, giving an intercept at 0.9kf~ on the real 
axis, and was clearly smaller than for the NaxWO 3 
electrode, for which the line started at Z I = 3.2 kfL 
In its lower frequency part, the spectrum for LixWO3 
became steeper as the frequency reached its smallest 
value (1 mHz). Considering this feature as due to the 
finite thickness of the film, it is possible to find a value 
of DLi of 3.9 x 10-]2cm2s -1, deduced from the 
formula in [21]: 

~' X27ruL 2 
D - - -  (2) 

3RL 

In the above equation, X represents the value of Z" at 
a frequency u, at any point in the steeper part of the 
spectrum (capacitive behaviour), whereas L is the 
film thickness and R L is the corresponding value of 
Z'  ('limit' resistance). In spite of the fact that we 
worked with the same type of samples and with simi- 
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Fig. 1". Log DLi (solid line) and log DNa (dashed line) diffusion coef- 
ficients in WO3 at room temperature as a function of the inserted 
charge. These values result from GITT measurements of sample 
A, with current density impulses of amplitudes 1 and 0.8 mAcm -2 
(for Li and Na, respectively) and duration 0.5 s, and with a relaxa- 
tion time of 120 s. 
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Fig. 2. Quasiequilibrium potentials of the WOs electrodes measured 
at the end of the relaxation time of 120 s during insertion of Li + 
(solid line) and of Na + (dashed line), against the corresponding 
metal, during the GITT experiments. 

lar intercalant concentra t ion in G I T T  and in the F R A  
(Frequency response analysis), the diffusion constant  
for Li + found  with the latter is considerably lower. 

The transmit tance spectra in the visible region (Fig. 
4(a) and 4(b)) were observed to depend on the inter- 
calant ion up to a certain extent, in particular in the 
red and near-infrared region. For  example, the trans- 
mittance at a wavelength o f  820 nm dropped 40% 
more  with H + than with N a  + with the same inserted 
charge o f  5.5 mC cm -2, and approached  a saturat ion 
in a more  t ransparent  state for N a x W O  3 and in a 
more  absorbing state for H x W O  3. In another  
galvanostatic insertion experiment, the electrochro- 
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Fig. 3. (a) FRA spectra at low frequencies (from 1 mHz to 1 Hz) for 
MxWO s electrodes (sample A) intercalated potentiostatically with 
-5.7mCcm 2 (open dots representing M = Li, x ~ 0.07, equi- 
librium potential 2.45V against Li) and with -2.1mCcm -2 
(squares representing M = Na, x ~ 0.03, equilibrium potential 
2.35V against Na). (b) FRA spectra at high frequencies (from 
1 Hz to 65 kHz) for the same electrodes as in (a). 
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Fig. 4. (a) Transmittance spectra of HxWO 3 (sample C) taken every 
0.gmCcm 2 (Ax ~ 0.03) of charge inserted at constant current 
(-3#Acm-2); (b) transmittance spectra of NaxWO 3 (sample C) 
taken every 2 1.1 mCcm -2 of inserted charge (Ax ~ 0.04) at 
-8.5#Acm- . The first spectrum of each set is the highest one 
and refers to an unintercalated electrode. 

mic efficiency, ~7 (defined as the optical density (o.d.) 
change per unit charge inserted), was taken f rom the 
slope o f  the optical density against charge density 
curves (Fig. 5(a), (b) and (c)). This electrochromic effi- 
ciency was larger for H + intercalated WO3 films than 
for filmS intercalated with the other cations. In  parti- 
cular this was true for the red light (at 7 0 0 n m  
r / =  63 cm 2 C -1 for H +, 36 cm 2 C -1 for Li + and 
27 cm 2 C - I  for Na+),  but  this disparity diminished in 
the blue par t  o f  the spectrum where the polaron  
absorpt ion is less and the fundamenta l  absorpt ion is 
more  important .  

A further difference between H x W O  3 and the other  
tungsten bronzes is that  the electrochromic effect in 
HxWO3 saturated already at a charge density o f  
16 m C c m  2 (Fig. 5(d)) (corresponding to a stoichio- 
metry x o f  0,5), whereas the optical absorpt ion first 
reached a max imum and then decreased with increas- 
ing charge o f  the other two cations. For  high x values 
the back reaction o f  hydrogen evolution f rom the 
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HxWO 3 electrode may become significant and reduce 
the value of  the electrochromic efficiency. By compar-  
ing the charge needed to reach the maximum o.d. in 
two galvanostatic experiments with different currents 
(500 and 5 #A cm-2), the back reaction current has 
been estimated to be, on the average, 3 # A c m  -2. 
This small back reaction current had a negligible effect 
on the electrochromic efficiency in HxWO3 and should 
not affect the results in Fig. 5(d), which describe the 
beginning of the insertion process with the three 
different cations. Despite the hydrogen evolution 
back reaction, the electrochromic efficiency in the 
experiments with HxWO 3 shown in Fig. 5(d) was 
higher than that  of  the WO3 intercalated with the 
other two ions, as shown by the larger slope of  the 
o.d. against charge curve for the HxWO 3 electrode. 
The hydrogen evolution back reaction can become 

important,  therefore, only at larger cationic charge 
inserted into the electrodes. The composition for 
which the maximum of the o.d. is reached in NaxWO3 
was x ~ 0.6; for larger amounts of  inserted cations the 
sodium-tungsten bronze switched from dark blue to 
pale yellow, and a similar behaviour was observed in 
the l i thium-tungsten bronze. 

With respect to the insertion kinetics, in the poten- 
tial step experiments (0.5 V in the cathodic direction) 
we observed that the coloration kinetics with Na  + 
was not as fast as that with protons and with lithium 
ions (Fig. 6(a), (b) and (c)). The final value of the 
optical absorption at any wavelength in Fig. 6(c) 
was, in fact, similar to that reached with lithium 
ions (Fig. 6(b)), but the relaxation time was one order 
of  magnitude slower. Moreover,  if the electrode 
potential was stepped back to the initial value (Fig. 
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7 (a), (b) and (c)), the electrochromic reaction was 
not fully reversible. This can also be attributed to 
a self-discharge mechanism of the intercalated elec- 
trode or, alternatively, to a nonreversible electrochro- 
mic behaviour of the thin film electrode. 

4. Discussion 

The GITT experiments with lithium and sodium ions 
indicate that in a first stage of the intercalation process 
the ionic exchange reaction first proposed for lithium 
ions by Zang et al. [19] 

WO H + M  + , W O - M + H  + (3) 

takes place for both alkali cations used in the present 
work (i.e., with M = Li, Na). The validity of Equation 
3 is in agreement with the ionic exchange reaction 
invoked by Schlotter and Pickelmann [23] to explain 
the i.r. reflectance spectra of the sodium tungsten 
bronzes. In the present case, the diffusion coefficient 
measured with GITT is that of the proton and not 
of the alkali cation, thus confirming the presence of 
a certain amount  of protons or water in the samples 
prepared by thermal evaporation and left for sufficient 
time in contact with humid air. The average of this 
diffusion coefficient DH+, taken from the range in 
which the two curves in Fig. 1 coincide, is 5.6x 
10-10cm2s 1, and agrees well with data reported 
for protons by other authors (see Table 1). The dis- 
crepancy between the Li + diffusion coefficients 
found here with two different techniques (1.3× 
10 10 cm 2 s-1 with GITT and 3.9 x 10 -12 cm 2 s 1 

with impedance) shows that the relaxation time 
between impulses chosen for GITT was not long 
enough to get an equilibrium concentration for the 
lithium ions in the thin film. For  the same reason, 
the lower value of the diffusion coefficient calculated 
from GITT for sodium (4 x 10 11 cm 2 S 1), although 
smaller than that of lithium, is still much larger than 
other data [22, 27 29]. The decay of  the diffusion 
coefficients in Fig. 1 with increasing charge density 
suggests not only the transition from the proton diffu- 
sion to an alkali diffusion mechanism, but also the 
increasing occupancy of the sites for ion diffusion. 
Such results suggest that since GITT requires an equi- 
librium concentration, and this may not be easily 
reached in the case of ions with very low mobility, 
quantitative results on the diffusion coefficients of 
such ions calculated with this technique should be 
taken with care. 

Complex impedance, on the other side, is an alter- 
native technique for measuring the diffusion coef- 
ficients of ions in a film of finite thickness. This has 
been shown to work in the present case only for the 
lithium ions. The fact that Li + can diffuse all the 
way through the film and become blocked at the 
ITO-WO3 interface is shown by the increasing of 
the slope in the low frequency range of the complex 
impedance plot. The fact that the Na + ions cannot 
diffuse so far in the same time scale and that the 
intercalation kinetics is quite slow with Na + (i.e., the 

(a) O. 1 

0 . 0 8  

E 0 .06  

O 

(-, 0 . 0 4  
© 

<3 

0 . 0 2  

(b) O. 1 

0 . 0 8  

0"/ 

0 . 0 6  

0 

Q .  

0 0 . 0 4  
<3 

0.02 

I ' ' ' ' I 

s 
I 

! 
I 
! 

:/ f . ' - ' "  
/ 

i 

I 
[ - 

r 
0 , , , , I , , , , I , 

o 5 0 0  1 0 0 0  

0 
0 

Time / s 

i i i  

1500 

5 0 0  1 0 0 0  1 5 0 0  

Time / s 

(c) O. 1 

0.08 

0 3  

8 0.06 

g- 0.04 0 
<3 

0 .02  

0 
0 

I ' ' ' ' 1  

~ i  i I I I -I [ 

500 1000 1500 

Time / s 

Fig. 6. Optical density variation (A o.d.), i.e., coloration time 
response of MxWO 3 (sample B) as a function of time during a 
potential step of -0.5V with M = H + (a), Li + (b) and Na + ~(c). 
Curves: ( - - )  400, ( . . . .  ) 650 and ( . . . .  ) 800. 
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Table 1. Diffusion coefficients for the proton in W03 according to 
literature data 

DH+ /cm 2 s-  i Method Reference 

4 x 10 10 a.c. impedance [24] 
1.8 x 10 -10 chronoamperometry [25] 
1 x 10-9/2 x 10 -1° current-potential  curves [26] 

calculated with a digital 
simulation model 

(a) 

q )  
t " -  
Q )  

( ,3  

8- 
<:] 

- 0 . 0 2  

- 0 . 0 4  

- 0 . 0 6  

charge transfer resistance is high) are shown in the 
impedance plot by the lower slope in the low fre- -0.08 
quency range and by the larger high frequency loop, 
respectively. The larger high frequency loop demon- 
strates, furthermore, that the intercalation of Li is a -0.1 
faster surface process than the intercalation of Na, 0 
ruling out the role of impurities in the electrolyte 
like water (usually more reactive with Na than with 
Li) in such surface reaction. (b) 0 

The different optical properties of the various tung- 
sten bronzes can be related to the diffusion properties -0.02 
of the ions in the oxide. The diffusion being related to 
the atomic mass of the ion (the larger the mass, the >, 
slower the diffusion), it seems that there is the same ~ -0.04 
ionic bond between any intercalant alkali ion and -o 
the oxygen atoms of the host. The slower diffusion -~ 
of the sodium ion is responsible for an accumulation ~_ -0.06 
of the intercalant close to the electrochemical interface O 
and, consequently, for the formation of tungsten 
bronzes with a lower coloration efficiency (Fig. 4). -0.08 
Two explanations can be advanced for the low colora- 
tion of the electrode parts with a high concentration of 

-0.1 
the intercalant: one is simply the low absorption coef- 0 
ficient of the new NaxWO3 bronze phase. The second 
is that the accumulation of W 5+ centres close to the 
surface makes the sample less absorbing, because the 
probability of the intervalence charge transfer (c) 0 
W 6+ ~ W 5+ (related to the optical transition) is 
inversely proportional to the density of the W 5+ -0.02 
centres present in the intercalated regions. The much 
faster diffusion in the oxide of the protons than that 
of the alkali is responsible, in our opinion, for the fast- "g -0.04 t -  

e s t  response time of the WO3 with H +. The absence of 0~ "O 

irreversible phase transitions and colour changes of -~ 
the HxWO 3 thin film is probably due to the hydrogen ~ -0.06 
discharge occurring with the back reaction. This "O 
means that the film is never truly saturated with < 
protons, although it is optically highly absorbing -0.08 
due to a uniform distribution of the light absorbing 
centres, and that the insertion process can always be -0.1 
reversed. For lithium and for sodium ions, not only 0 
is the coloration efficiency lower, under the same 
experimental conditions as with protons, but a new, 
less absorbing, yellow compound is eventually formed 
when the intercalated charge density exceeds 
20mCcm 2. When such a high charge of Li + or 
Na + is intercalated, a negative coloration efficiency 
has been seen at several wavelengths. Furthermore, 
it was observed that: (i) there is an irreversible optical 
change for Na ions (during bleaching after a potential 
step, the optical density variation is slower and 
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Fig. 7. Bleaching time responses of  MxWO 3 (sample B) during a 
potential step of  +0.5V subsequent to the step described in fig. 6, 
after 1 h relaxation at open circuit, with H + in (a), Li + in (b) and 
Na + in (c). Curves: ( -) 400, ( . . . . .  ) 650 and ( . . . .  ) 800. 

smaller than during coloration, see Fig. 6); (ii) this 
also holds to a lesser extent for the lithium ions, 
although from the potential step, the coloration and 
bleaching kinetics of Li + are more similar to that of 
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the proton than to that of the sodium ions. The differ- 
ent time response and optical contrast upon bleaching 
after the coloration step, as seen in Fig. 7(c) compared 
with Fig. 6(c), is also a proof that there is a surface 
accumulation of the ions with the slowest diffusion 
coefficient, and that this accumulation modifies the 
electrode behaviour, preventing a further ion insertion 
and the deeper coloration of the electrochromic 
electrode. 

5. Conclusions 

Charge insertion in W O  3 films is an electrochemical 
reaction that depends strongly on the oxide film pre- 
paration and on the inserted ion diffusion. Among 
H +, Li + and Na +, the first has the fastest diffusion, 
and the last the slowest. Moreover, the first shows 
the highest coloration efficiency at all wavelengths, 
and the last the lowest, this difference being larger 
the higher is the insertion current. In experiments 
with the three different ions all the oxide samples 
were equivalent and in the aprotic solvents the activity 
of ions to be intercalated was comparable. Neverthe- 
less, the results with Li +, and particularly with Na +, 
show that there is a limiting concentration of the 
cation in the oxide films that, if exceeded, clearly 
induces optical and electrochemical irreversibility. 
Because the largest ions diffuse more slowly in the 
film, the local intercalant concentration after a 
potential step can be very high in the surface region, 
even when the average concentration is far below 
the above limit. Transient experiments, such as those 
described in this work, may help to choose the 
appropriate ion for each application depending of 
the time response and of the potential span required 
for the specific electrochromic device. 
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