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Abstract

The nature of interaction between the water vapor and MoO3 thin films has been investigated using infrared spectroscopy technique. On
prolonged exposure to high humidity conditions, presence of free water vapor and formation of Mo-OH bonds was detected in MoO3 films.
Films exposed to high humidity for various durations and freshly deposited were intercalated with Mg ions under identical experimental
conditions. Free water vapor and Mo-OH bonds did not prevent/hinder the intercalation process. The diffusivity (D) of Mg ions in MoO3
films has been estimated using Galvanostatic Intermittent Titration Technique (GITT) as a function Mg concentration. It is observed that D
values are lesser in case of films exposed to humidity. Cyclic voltammetry studies carried out on films revealed reduced cyclability in exposed
films compared to that of fresh films.
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1. Introduction

Thin films of several transition metal oxides namely V2O5,
WO3, MoO3, Co3O4 have been investigated extensively dur-
ing the last three decades for their use as electrochromic (EC)
devices [1]. Of all the EC materials reported so far MoO3 is
emerging out as the most promising one because: (a) it has al-
most uniform and high absorption in visible—near IR region
[2], (b) it has higher coloration efficiency and (c) its color is
more akin to the sensitivity of human eye compared to other
EC materials. The possibility of using bivalent Mg ions as in-
tercalants into MoO3 films as reported recently [3], has made
it more superior to other EC materials. It is also reported that
on persistent exposure to high humidity conditions electrical
properties of MoO3 films do under go some changes, which
prompted researchers to propose MoO3 based humidity sen-
sors [4]. However, the affect of exposure to humidity on its
elctrochromic properties has not been investigated. Specifi-

cally its effect on the intercalation process, coloration effi-
ciency, switching speeds, stability of the colored state and
cycling behavior has not been studied by any research group
in spite its very promising EC properties.

The present work has been carried out with following well
focused aims: First, to understand how the water vapor reacts
or interacts with the MoO3 thin films and to monitor the
structural changes water vapor may cause in as deposited
amorphous MoO3 thin films. Second, to investigate the
effect of the adsorbed species (if any) on the Mg ion inter-
calation process and its diffusivity. Finally, to study the sta-
bility of the colored state and cycling behavior of MoO3 thin
films exposed to high humid conditions before intercalating
them.

The infrared spectroscopy technique is employed to mon-
itor and estimate qualitatively the structural changes that oc-
cur on exposing MoO3 thin films to humidity and also on
intercalation. Galvanostatic Intermittent Titration Technique
(GITT) is used to estimate the Mg ion's diffusivity during the
intercalation process. All experimental results are presented
and discussed in details in this paper.
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2. Experimental details

MoO3 films of 1 (xm thick (±100 A) were deposited
on ITO coated glass substrates at a base vacuum of 2 x
10~6 mbar. IR reflectance measurements were carried out
using FTIR spectrophotometer (Perkin-Elmer, Model BX2).
Appropriate quantities of Mg(ClO4)2 and HClO4 were dis-
solved separately inpropylene carbonate to obtain Mg + + and
H+ ions for intercalation experiments, which were carried
out keeping electrolyte bath parameters constant: molarity
= 0.1 M, pH = 1.5, and bath temperature at 23 °C. The cur-
rent density of desired magnitude (166 (iA/cm2) was set us-
ing Keithley programmable constant current source (Model
224). Diffusivity measurements of Mg ions in MoO3 films
were carried out using GITT in galvanostatic mode, using
a standard three-electrode configuration, in which the test
specimen (MoO3 deposited on ITO coated glass) is used as
working electrode (WE), and the platinum strip was used as
counter electrode. The transient and steady state potential
difference during intercalation and subsequent relaxation of
WE, were measured using a Keithley electrometer (model
6517A). The current pulse width is suitably chosen to ensure
that Ax value is 0.1 during one pulse and it is much less than
L2 /D, where L is the thickness of the film and D the diffusiv-
ity of Mg ions [4]. The relaxation time is such that change
in open circuit voltage A V= 1 mV in 10 min. Cyclic voltam-
metry was carried out on Princeton Applied Research (PAR)
model 263 A potentiostat/galvanostat. The scan rate was fixed
at 50 mV/s with initial and final ranges as +2.0 and -3.0 V.

3. Results and discussions

Infrared reflectance spectra of as deposited films (F1)
and films exposed to high (««75%) humid environment for
7, 21 and 40 days (films F2-F4) are shown in Fig. 1
(curves a-d, respectively). The absorption peaks appearing
in 1000-4000 cm"1 spectral region are found to depend
strongly on the duration of exposure, whereas that of peaks
appearing in 450-1000 cm"1 region remain almost indiffer-
ent to exposure duration except F4 film, in which the min-
imum in the reflectance shifted towards 850 cm"1 (curve
d). As reported earlier [3] all absorption peaks appeared in
450-1000 cm"1 spectral region are due to various modes of
vibrations of Mo-O system. Since the nature of these peaks
is not affected, it is concluded that the basic structure of
MoO3 films is stable to humid ambience. The peaks appear-
ing at 1419 and 3240 cm"1 are attributed to Mo-OH bonds
[5] and those at 1620 and 3400 cm"1 are due to free water
vapor [5]. The strength of the first two peaks is seen grow-
ing with increasing exposure while that of later two peaks
get saturated within hours (Fig. 1). From these results it ap-
pears that the water vapor present in the ambience interacts
with the film in two ways [6]: first, it penetrates into the film
and remains in free vapor form, causing strong absorption at
1620 and 3400 cm"1 due to bending and stretching modes of
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Fig. 1. IR reflectance spectra of fresh MoO3 film (a) and those exposed to
humid ambient for 7 days (b), 21 days (c) and 40 days (d).

vibrations, second, it reacts with the host and forms Mo-OH
bonds, due to which strong absorption occurs at 1419 cm"1

(bending mode) and 3240 cm"1 (stretching mode). The first
process takes place predominantly through the voids present
in amorphous film almost instantaneously and thus attains
a saturation level quickly. The second process, basically a
chemical process, depends strongly on the exposure dura-
tion, level of RH, sample temperature and history of MoO3
film.

To study the effect of Mo-OH bonds and free water va-
por on the Mg+ 2 intercalation process, F1 and F4 films were
intercalated to x = 0.3 under identical conditions keeping the
current density at 166 (iA/cm2. IR reflectance spectra of these
films are shown in Fig. 2 (curves a and b). Comparison of the
peaks with respective peaks measured in unintercalated films
(Fig. 2) revealed that the peaks were unaffected which meant
that either free water content or Mo-OH bonds did not pre-
vent or hinder the intercalation process. In both films, five
new absorption peaks appeared at 1295,1195,1111, 852 and
700 cm"1. The first three peaks are attributed to resonance ab-
sorption due to vibrations of Mg-O bonds, where O ion is ini-
tially (unintercalated state) bonded to one (1295 cm"1), two
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Fig. 2. IR reflectance spectra of a-MoO3 films intercalated with Mg ions (a)
and after exposing to humid ambient for 40 days (b). The ratio of Mg/Mo
(x) is 0.3. IR reflectance of H+ intercalated MoO3 films (c).

(1195cm *) and three (1111cm l) neighboring Mo ions.
The intensity of 1111 cm" 1 peak is relatively strong in ex-
posed film (curve b in Fig. 2) and that of 1295 cm" 1 peak is
diminished. This allows us to state that the number of M o O
bonds present in unintercalated films, got reduced by H+ as
it interacted with doubly bonded O to form Mo-OH bonds.

To explore the source for the other peaks at 852 and
700 cm" 1, MoO3 films were intercalated with monovalent
H+ ions with same current density. The IR spectrum of the
H+ intercalated films is shown in Fig. 2 (curve c). The ab-
sence of absorption peaks at 1295, 1195, and 1111cm"1

in this spectrum clearly established their association with
Mg-O bonds. The presence of 852 and 700 cm" 1 peaks
in both (H + and Mg+) cases confirm that these are due
to Mo-O system only, where Mo ions are in one of the
possible reduced oxidation state as reported by Dong et al.
[7].

To investigate the effect of humidity on the stability of
intercalated film, a fresh film was first intercalated to x =
0.3 and then kept in high humid conditions for 21 days. The
reflectance spectra of intercalated films, recorded immedi-
ately after intercalation and after 21 days of exposure are
shown in Fig. 3. It is found that exposure to humid conditions
do not alter absorption peaks particularly in 1000-450 cm" 1
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Fig. 3. IR reflectance spectrum of a-MoO3 films intercalated to x = 0.3:
measured just after intercalation (a) and after exposing it for 21 days to
humid ambient (b).

spectral region. However, the intensity of peaks at 1295 and
1195 cm" 1 associated Mg-O bonds diminished on exposure,
which means Mg ions, associated with these absorption peaks
are slowly replaced by H+ on persistent exposure. This phe-
nomenon once again confirms the earlier result that doubly
bonded O prefers H+ to Mg + + .

From IR studies the following can be concluded: (a) the
concentration of Mo-OH bonds in a-MoO3 films is propor-
tional to exposure duration. (b) Presence of free vapor and
Mo-OHbonds does notpreventthe Mgions intercalationpro-
cess. (c) Oxygen ions doubly bonded to Mo are first preferred
to interact with H+ on exposure, reducing their number and
forming Mo-OH. (d) In intercalated films, Mg ions attached
to double bonded O ions are replaced by H+ on persistent
exposure to high humidity conditions.

The diffusivity (D) of Mg ions was estimated using GITT
keeping current density pulse constant [8]. The estimated D
values at differentxvaluesinF1-F4 films are plotted inFig. 4.
It is seen that D of Mg ions get reduced at any given x values
(x< 1.0) with increasing exposure duration from 10~17cm2/s
in case of fresh films to 10~19 cm2/s in case of 40 days ex-
posed films. The decrease in value of D indicates reduction of
charger transfer rate at the film-electrolyte interface. To un-
derstand the charge transfer process, exchange current den-
sity (I0) values corresponding to x = 0.1 for all films were
estimated using Butler-Volmer equation [9] for the case of
systems very close to equilibrium

RTI
I0 =

where I, η, F, R and T are intercalating current, over poten-
tial, Faraday constant, universal gas constant and temperature
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Fig. 4. Diffusivity of Mg ions vs. x in fresh film (F1) and in films exposed
to humid ambient for 7 days (F2), 21 days (F3) and 40 days (F4).
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Fig. 5. Voltammograms of a-MoO3 films: (a) just after deposition (b) after
exposure for 40 days.

respectively. The deviation from the equilibrium voltage dur-
ing the current pulse was used as the value of η. The estimated
h values are: 0.032, 0.03, 0.021 and 0.0053 at x 0.1 for 1, 7,
21 and 40 days exposed films, respectively. A constant de-
crease in I0 value confirms the presence of enhanced charge
transfer resistance on increasing exposure duration.

To study the effect of exposure duration on cycliability
of MoO3 films, cyclic voltammetry experiments were car-

ried out on films F1 and F4 keeping the scan rate constant
at 50 mV/s. The respective voltammograms recorded during
10th cycle are given in Fig. 5, curves V1 of F1 films and V2
for films F4. The cathodic peaks of voltammograms V1 and
V2 occur at -0.94 and -0.64 V, while their anodic peaks lie
at +0.77 and +1.0 V, respectively. The reduction in the area
of voltammogram in V2 indicates irreversibility of cycling
behavior of 40 days exposed films.

4. Conclusions

Based on the experimental results the following conclu-
sions are drawn:

(a) On exposure to humidity the water vapor interacts with
films and form Mo-OH bonds. The concentration of
these bonds is proportional to exposure duration. Oxy-
gen ions doubly bonded to Mo prefer to interact with H+

forming Mo-OH.

(b) Free vapor and Mo-OH bonds present in the exposed
films are found to have lesser affect on the M g + + inter-
calation process. However, the diffusivity of M g + + and
cycliablity got reduced considerably in exposed films.
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