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Here, using the combination of electrochemical potential step
perturbation and time-lapse transmission optical microscopy, we
report a new approach for resolving localized charge transfer and
transport processes in inhomogeneous transition-metal oxides.
Importantly, for the first time, we describe the simultaneous
measurement of spatially resolved diffusion coefficients and ionic
conductivities for localized regions of distinct chemical composition
in polycrystalline MoO3.

Redox-active metal oxides (e.g., WO3 and MoO3) are interesting
materials for electrochemical devices such as nonemissive displays1

and secondary lithium batteries.2 The basic reaction mechanism
involves the simultaneous electrochemical injection of electrons and
charge compensating cations (H+ or Li+) to produce a colored state,
e.g., MoVIO3 (transparent)+ xe- + xLi+ h Li xMoVI

1-xMoV
xO3

(blue), where chromic changes result from intervalence-type optical
transitions.1 As discussed by Rolison and Dunn in a recent review,3

disordered materials demonstrate faster ionic transport and increased
charge storage capacities in comparison to their crystalline or coarse-
grained analogues. For instance, studies of MoO3 aerogels that
possess both amorphous and nanocrystalline characteristics display
increased lithium capacities (∼1.5 Li+ per host metal atom) and
higher energy densities.4 Disordered materials of this nature are
difficult to characterize because they do not possess long-range
order, contain morphological inhomogeneities (e.g., networks,
tunnels, and dislocations), and have unique compositions and defect
chemistry (e.g., mixed-valency, oxygen deficiencies, and cation
vacancies).

Knowledge of intercalate diffusion coefficients in electrochromic/
insertion materials is vital for understanding coloration and charge
transfer behavior since the kinetics of the electrochemical redox
change are typically dictated by the rate of ion transport. In this
regard, substantial efforts have been made to estimate diffusion
coefficients using numerous experimental methods such as cyclic
voltammetry, chronoamperometry, electrochemical impedance spec-
troscopy, and potentiostatic intermittent titration techniques (PITT).5,6

Others, such as Bohnke7 and Decker,8 have coupled spectrochemical
with electrochemical methods to investigate solid-state diffusion
processes occurring in amorphous WO3. However, a main disad-
vantage of these techniques is that they provide only an ensemble-
averaged estimation of the transport kinetics since the measured
response (e.g., charge or absorbance) is proportional to the
integrated concentration of homogeneously distributed redox sites.
As demonstrated herein, for investigations of disordered heteroge-
neous materials, better comprehension of controlling factors can
be significantly aided by spatially resolved measurements to reduce
ambiguity and allow for direct correlation between structure,
distribution, composition, and localized reactivity.

Molybdenum oxide thin films used in this study were prepared9,10

by cathodic electrodeposition onto indium-tin oxide (ITO) elec-
trodes and subsequently sintered at 250°C in air for 3 h. The

resultant films were transparent with thicknesses of 120( 10 nm
as determined by AFM. As reported previously,11 AFM, XRD, and
Raman spectroscopy studies indicate that these films consist of
randomly dispersed polycrystalline domains ofR- andâ-MoO3. A
cyclic voltammogram (CV) obtained at a MoO3/ITO electrode in
1 M LiClO4/PC displays multiple Li+ insertion/de-insertion peaks
during initial cycling which is suggestive of energetically distinct,
domain specific reactivity (Supporting Information). As discussed
in detail,11 the shape of the CV changes considerably after the first
scan due to an insertion induced irreversible structural transforma-
tion and implies that the MoO3 becomes more disordered but is
cycled reversibly in a quasiamorphous state.

To better understand this complex voltammetric behavior, we
employed a newly developed spectroelectrochemical methodology
to probe localized electrochemical reaction kinetics and monitor
morphological changes. Since the charge transfer reaction involves
a simultaneous visible change in the optical density of the material,
the electrochromic response is used to monitor the lithium insertion
behavior. Such an experiment, which we term chronoabsorptometric
imaging, is shown in Figure 1, where time-lapsed transmitted light
images (λ ) 630 nm) were collected as a function of time following
application of a potential step from an oxidizing potential (+0.4
V, de-inserted state) to a subsequent reducing potential (-0.8 V,
inserted state). For better visualization, a movie of this imaging
experiment can be viewed by accessing our Internet website.12

Briefly, images for pristine MoO3 films prior to insertion are
transparent and consist of randomly oriented grains of dispersed
size, orientation, and crystallinity (Figure 1a). Examination of the
time-lapsed images reveals that structural changes occur during
initial lithium insertion, as is also inferred by the observed changes
in the cycle-dependent CV response. Images of reduced films
(Figure 1b) exhibit variegated behavior. For illustrative purposes,
in Figure 1 we highlight three different regions of interest (ROIs)

Figure 1. Chronoabsorptometric imaging of Li+ insertion at a MoO3/ITO
electrode immersed in 1 M LiClO4/PC. Optical micrographs (75× 75µm2)
of (a) at an initial oxidized state (+0.4 V vs Ag/AgCl, 0 s) and (b) at a
reduced state (-0.8 V, 20 s). Selected regions of interest (ROIs) are
highlighted, illustrating varying degrees of coloration/insertion for distin-
guished phases.
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that denote unique areas of inhomogeneous coloration/insertion.
Ex situ Raman microprobe spectroscopy experiments (data not
shown) performed prior to these optical imaging studies indicate
that regions that appear bright (more transmissive) undergo the least
amount of coloration (ROI 1) and consist primarily of nanocrys-
talline monoclinicâ-MoO3, while domains that appear dark (more
absorptive) undergo the largest coloration (ROI 2) and are composed
of predominantly orthorhombicR-MoO3. Regions characterized by
an intermediate degree of coloration (ROI 3) consist of disordered
mixtures of bothR- and â-MoO3. The correlation of the domain
specific chemical composition with localized electrochemical
behavior enables us to directly estimate the relative contributions
of each identified phase by simply thresholding pixel intensities of
the images at specific coloration levels. The estimated electroactive
areas for coloration/insertion of these distinguished phases were
found to be 49.0, 12.2, and 38.8% forR-MoO3, â-MoO3, and mixed-
phaseR/â-MoO3 domains, respectively.

Quantitative estimates of spatially resolved insertion kinetics can
be determined by calculating the average pixel intensity within each
distinguished phase (illustrated by labeled ROIs) as a function of
time and converting these values to localized optical densities (OD),
OD ) log(I0/Iq), where,I0 andIq are the initial and time-dependent
average pixel intensities, respectively. Moreover, apparent chemical
diffusion coefficients,DOD, can be estimated by using a derived
optical expression analogous to the well-known Cottrell equation,
(OD(t)t-1/2 ) 2DOD

1/2∆ODπ-1/2L-1), where,∆OD is the overall
optical density change andL is the film thickness (Supporting
Information). As described by Montella13 and others,14 creating a
plot of OD(t)t1/2 vs log t (Figure 2) allows for visualization of the
different diffusional time regimes (ultrashort, short, and long), which
correspond to distinct steps in the coloration/insertion process. The
ultrashort time region is associated with MoO3/ITO/solution
interfacial charging effects. The long time regime (t > L2/D) is
associated with redox site saturation and the finite space effect.
The short time region, controlled by semi-infinite planar diffusion,
presents itself as a plateau in the OD(t)t-1/2 vs log t plot and
corresponds to the Cottrell region.DOD values can be calculated
either from the plateau of the OD(t)t-1/2 vs logt plot (Cottrell slope)
or, equivalently, from the slope of a linear plot of OD(t) vs t1/2.
Regardless,DOD values for each of the corresponding phases and
the ensemble-averaged response in Figure 1 were found to be 7.47

× 10-12, 1.02 × 10-11, 1.76 × 10-11, and 1.28 × 10-11 cm2/s for
â-MoO3 (ROI 1), R-MoO3 (ROI 2), mixed-phaseR/â-MoO3 (ROI

3), and ensemble-averaged (full frame) portions, respectively. These
results are in agreement with the broad range of values reported
for polycrystallineR-/â-phase (10-9 to 10-11)15,16 and crystalline
R-phase (10-9 to 10-11)16,17 MoO3. To our knowledge, we are the
first to report a diffusion coefficient for metastableâ-MoO3. DOD

values also can be used to estimate localized ionic conductivities
using the Nernst-Einstein relation (σ ) Ne2D/kT, whereD is the
chemical diffusion coefficient andN is the number of ions per unit
volume). The ionic conductivities were found to be 1.10 × 10-6,
1.80 × 10-7, and 1.21 × 10-6 S/cm for R-, â-, and mixed-phase
R/â-MoO3 domains, respectively. Furthermore, localized Li+ inser-
tion ratios (x in Li xMoVI

1-xMoV
xO3) can also be determined from

the images with values found to be 0.88, 0.22, and 0.59 Li+/MoO3

for R-, â-, and mixed-phaseR/â-MoO3, respectively.
A more thorough account of this complex behavior is forthcom-

ing.18 However, a key aspect to recognize is that the overall
coloration/insertion response does not simply constitute the weighted
average of all regions. Instead, isolated domains of this polymor-
phous material exhibit unique reaction kinetics complicated by
ohmic potential drop effects and by the influence of compositional
gradients imposed by evolving structural changes. As illustrated
herein, spatiotemporal measurements have unveiled the richness
and complexity of ion/charge-transfer reactivity in polycrystalline
MoO3 that previous studies using conventional ensemble-averaging
techniques have either missed or inadequately characterized. Future
application of this methodology will contribute to the improved
understanding of disordered inhomogeneous materials and foster
the development of advanced modeling/simulation techniques for
extracting and predicting optical, ionic, electronic, and mass
transport properties.
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Figure 2. OD(t)t-1/2 vs log t plot for denoted regions of interest (ROIs)
and the ensemble-averaged (full frame) optical response from Figure 1.
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