
Operando Atomic Force Microscopy Reveals
Mechanics of Structural Water Driven Battery-
to-Pseudocapacitor Transition
Ruocun Wang,† James B. Mitchell,† Qiang Gao,‡ Wan-Yu Tsai,‡ Shelby Boyd,† Matt Pharr,§

Nina Balke,‡ and Veronica Augustyn*,†

†Department of Materials Science & Engineering, North Carolina State University, Raleigh, North Carolina 27695, United States
‡Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830, United States
§Department of Mechanical Engineering, Texas A&M University, College Station, Texas 77842, United States

*S Supporting Information

ABSTRACT: The presence of structural water in tungsten
oxides leads to a transition in the energy storage mechanism
from battery-type intercalation (limited by solid state
diffusion) to pseudocapacitance (limited by surface
kinetics). Here, we demonstrate that these electrochemical
mechanisms are linked to the mechanical response of the
materials during intercalation of protons and present a
pathway to utilize the mechanical coupling for local studies
of electrochemistry. Operando atomic force microscopy
dilatometry is used to measure the deformation of redox-
active energy storage materials and to link the local
nanoscale deformation to the electrochemical redox
process. This technique reveals that the local mechanical
deformation of the hydrated tungsten oxide is smaller and more gradual than the anhydrous oxide and occurs without
hysteresis during the intercalation and deintercalation processes. The ability of layered materials with confined structural
water to minimize mechanical deformation likely contributes to their fast energy storage kinetics.
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T he intercalation of cations into the vacant sites of
materials represents one of the most important
electrochemical energy storage mechanisms and is

widely used in commercialized rechargeable batteries.1

Achieving high power capability while maintaining high energy
density is desirable for numerous energy storage applications.2

Pseudocapacitance is an energy storage mechanism whereby
transport processes in the solid state, such as diffusion, do not
limit the faradaic reactions.3,4 This property renders pseudo-
capacitance promising for achieving both high energy and
power densities. The typical approach to increasing a material’s
pseudocapacitive response is by increasing its surface area,3 but
from a fundamental and practical standpoint, it is desirable to
determine alternative means of developing pseudocapacitive
energy storage. In particular, as surface area increases, materials
become more susceptible to parasitic side reactions and exhibit
lower volumetric energy densities.5 Recently, we discovered
that the presence of structural water leads to a transition from
battery to pseudocapacitive behavior in crystalline tungsten
oxides.6 The anhydrous, monoclinic WO3 exhibits primarily
diffusion-limited proton intercalation, whereas the hydrated,

monoclinic WO3·2H2O exhibits primarily surface-limited, or
pseudocapacitive, proton intercalation. The rate capability and
energy efficiency of the WO3·2H2O is improved over that of
WO3 despite similarity in particle morphology and surface area.
The improvement in the kinetics of ion intercalation in
hydrated tungsten oxides has been attributed to the presence of
structural water.7−9 Structural water has also been shown to
improve energy storage kinetics in transition metal oxides such
as MnO2 and V2O5.

10−12 In these materials, structural water has
been hypothesized to decrease the activation energy required
for interfacial charge transfer and/or ion diffusion.13 An
underexplored question is whether the presence of structural
water mitigates the mechanical deformation during ion
intercalation, thus leading to fast energy storage kinetics.
The different kinetic responses for proton intercalation into

WO3·2H2O and WO3 bring into question whether the presence
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of structural water promotes different mechanical responses.
For most materials, the electrochemical intercalation of cations
leads to a change in the unit cell dimensions and/or phase of
the structure to accommodate both the ion and increased
electron density.14,15 Since the current represents the change in
capacity per time, a general relationship between the current
and the rate of dimensional change may be written for a
material undergoing deformation due to electrochemical ion
intercalation:
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where i(E) is the current at a particular potential, Q(E) is the
capacity at a particular potential, t is the time, and δ(E) is the
deformation of the material at a particular potential.16 Because
the accumulation of electrons and cations in the electrode
results in a mechanical deformation of the host material, it
follows that measuring the mechanical deformation could
provide additional understanding of the enhanced rate
capability of WO3·2H2O.
Here, we investigate the local mechanical response of WO3

and WO3·2H2O to proton intercalation using atomic force
microscopy (AFM) dilatometry, where the uniaxial electrode
deformation is measured through the AFM tip displace-
ment.17,18 While several techniques are available to measure
the total deformation of an electrode during energy storage
using electrochemical dilatometry,19−22 the methodology
presented here provides a local and operando measurement
with a temporal resolution as high as 100 μs (limited by AFM
instrument electronics) and a lateral resolution on the order of
tens of nanometers (limited by the AFM tip dimension). This
approach has been used to study purely capacitive and
pseudocapacitive energy storage systems,17,18 but has never
been applied to battery-type materials. We show that the
anhydrous, battery-type tungsten oxide exhibits a hysteresis in
the electrode deformation as a function of potential, whereas
the hydrated, pseudocapacitive tungsten oxide shows little to no
hysteresis. In addition, the overall deformation of the hydrated
tungsten oxide is smaller even when a greater number of
electrons is stored per formula unit than in the anhydrous
oxide. We also demonstrate that the deformation rate is directly
proportional to the energy storage current in intercalation-type
oxides and that it exhibits the same kinetic dependence as the
current for diffusion and capacitive processes. This is a very
important finding, which connects the local mechanical
signature (measured with nanoscale lateral and axial resolution)
to the electrochemical redox process. It also provides an
opportunity to study local electrochemical redox processes that
are not attainable with current-based techniques. The
deformation is mapped as a function of position in the
electrode to demonstrate the ability of operando AFM
dilatometry to probe local changes in the electrode deformation
as a function of ion storage. Together, these methods allow for
local studies of mechanically coupled electrochemical processes
since the deformation is measured with a lateral resolution of
tens of nanometers with the AFM probe. Our results show that
proton intercalation in hydrated tungsten oxides produces a
highly reversible and homogeneous mechanical response. In
addition, these results suggest that the role of structural water
in hydrated tungsten oxide may be to enable facile mechanical
deformation by decreasing the number of primary bonds that
deform during proton intercalation.

RESULTS AND DISCUSSION

To determine the mechanical response of WO3·nH2O (n = 0 or
2) during electrochemical proton intercalation, thin film
electrodes were fabricated by drop-casting WO3·nH2O particles
onto a glassy carbon electrode. The morphology and thickness
of the electrodes were measured with scanning electron
microscopy (SEM) (Figure S1). The particle-based films of
both oxides were ∼370−480 nm thick, with larger and smaller
aggregates throughout. The surface morphology of the dry
electrodes was measured using AFM and is shown in Figure 1a
and c. From our prior results,6 the platelet-like particles of
WO3·2H2O are oriented in the [010] direction.

Proton intercalation into WO3·nH2O may be written as

· + + ↔ ·
+ −n x x nWO H O H e H WO H Ox3 2 3 2 (2)

where the maximum amount of proton intercalation (x) is
typically <1,23 for a capacity of 417 C g−1 for WO3 and 360 C
g−1 for WO3·2H2O. In aqueous acidic electrolytes, the
maximum intercalation capacity is not reached due to the
onset of the hydrogen evolution reaction. Figure 1b and d show
the cyclic voltammograms of WO3·nH2O in 0.5 M H2SO4

electrolyte from 10 to 200 mV s−1 (t = 3.5−70 s) in the in situ
electrochemical AFM cell (Figure S2). The specific capacitance
values at these sweep rates are presented in Figure S3. As in
prior reports,6 the in situ AFM cell results demonstrate that
proton storage in WO3·2H2O is a more reversible process than
in WO3 as observed from the increased symmetry of the cyclic
voltammograms over all sweep rates. Due to the thin film
architecture, the in situ cell results are limited to sweep rates of
>10 mV s−1 as there is a significant current contribution from
the hydrogen evolution reaction at slower rates.
The deformation (δ, in nm) of the thin film electrodes was

measured as a function of applied potential and at different
cyclic voltammetry (CV) sweep rates using the in situ AFM cell.
Figure 2a and b show the local deformation of each electrode as

Figure 1. Surface morphology and electrochemical characterization
of WO3 and WO3·2H2O electrodes obtained from the in situ
electrochemical AFM cell. (a, c) Deflection images of the thin film
electrode surface of WO3·2H2O (a) and WO3 (c). (b, d) Cyclic
voltammograms of WO3·2H2O (b) and WO3 (d) electrodes in 0.5
M H2SO4 at sweep rates ranging of 10−200 mV s−1.
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a function of potential from 10 to 200 mV s−1. At all sweep
rates, the WO3·2H2O exhibits a highly reversible and almost
linear deformation for both the cathodic and anodic sweeps,
indicating that the intercalation and deintercalation processes
occur at approximately the same potentials and are thus highly
reversible. Such a response would be expected from the broad,
symmetric shape of the CV for WO3·2H2O. On the other hand,
at all sweep rates, WO3 exhibits nonlinear deformation and
hysteresis between the anodic and cathodic sweeps. This
hysteresis indicates that intercalation and deintercalation
deformation do not occur at the same potentials and are thus
less reversible. The electrode deformation depends on the
capacity, or number of electrons stored per formula unit. Figure

2c and d show that at both 20 and 200 mV s−1 the overall
deformation is smaller for WO3·2H2O even when the number
of stored electrons is greater than in WO3. Overall, these
observations indicate differences in the mechanical response to
intercalation between WO3·2H2O and WO3, similar to their
differences in the current response to intercalation.
Since current (i) is the rate of change of the capacity (Q), the

current can be expressed as dQ dt−1, and a cyclic voltammo-
gram is plotted as the “capacity rate” as a function of potential.
We were interested in determining whether the deformation
rate (dδ dt−1) also depends upon potential. Interestingly, as
shown in Figure 3, we found that the deformation rate exhibits
almost the same dependence on the potential as the capacity

Figure 2. Local deformation of WO3 and WO3·2H2O electrodes as a function of potential and capacity. (a, b) Deformation versus potential at
different cyclic voltammetry sweep rates of WO3·2H2O (a) and WO3 (b). Error bars indicate the standard deviations of the deformation at
specific potentials for 18 cycles. (c, d) Deformation versus number of electrons per formula unit of WO3 and WO3·2H2O at sweep rates of 20
mV s−1 (c) and 200 mV s−1 (d). Error bars indicate the standard deviations of the deformation at specific numbers of electrons per formula
unit. A negative number of electrons represents the anodic cycle, and a positive number of electrons represents the cathodic cycle.

Figure 3. Correlation between the local deformation rate and the global electrode current. (a, b) Average deformation rate (solid line) and
current (dashed line) versus potential at a sweep rate of 200 mV s−1 for WO3·2H2O (a) and WO3 (b). Error bars indicate the standard
deviations of the deformation rate at specific potentials. The shaded area indicates the regions of potential where the hydrogen evolution
reaction contributes to the total current.
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rate; that is, the intercalation rate was closely tied to the
deformation rate at a particular potential. The deformation rate
of the glassy carbon substrate as a function of potential is
shown in Figure S4 along with the response of the redox-active
tungsten oxides. As expected, glassy carbon exhibits no
significant deformation rate since this nonporous electrode
exhibits no change in volume during the formation of the
electric double layer at its surface.
The observation that the local deformation rate is related to

the current is consistent with the report of Tavassol et al.,19

who found that in macroscopic mechanical measurements of
the deformation of a graphite electrode during lithiation the
derivative of the strain of the entire electrode with respect to
the voltage (dε dE−1) scaled with the current (a proof of the
consistency between these two observations is included in the
Supporting Information). The deformation rate of WO3·2H2O
was smaller and more consistent as a function of potential than
for WO3, mirroring its nearly symmetric, broad current
response in the cyclic voltammogram. In the case of WO3,
the deformation rate was greater and also asymmetric, similar to
its current response. These “deformation rate voltammograms”
are shown at 200 mV s−1, where the WO3·2H2O stores more
electrons per formula unit than WO3. A noteworthy feature of
the deformation rate response is that it is only sensitive to
energy storage processes that induce a local mechanical
response from the electrode material. For instance, no
deformation occurs at the cathodic turnover potential, during
which the hydrogen evolution reaction occurs at the surface of
the electrode (regions indicated by the shaded areas in Figure
3). In other words, the operando AFM dilatometry technique
presented here measures the local, nanoscale deformation

response directly induced by electrochemical intercalation with
high temporal and spatial resolution.
The clear relationship between deformation and current led

us to determine how the deformation rate varied as a function
of sweep rate. In electrochemical systems, current that is
directly proportional to the sweep rate is said to be surface-
limited (capacitive), whereas current that is limited by semi-
infinite diffusion will exhibit a square root dependence on the
sweep rate.24 This relationship has been generalized and
applied to numerous energy storage materials to determine the
extent of capacitive versus diffusion-controlled storage:

=i E av( ) b
(3)

Here, v is the cyclic voltammetry sweep rate and a and b are
constants. The b-value (with limits of 0.5 ≤ b ≤ 1) describes
the dependence of the current on the sweep rate, where the
limiting values are determined by the rate-limiting mechanisms
described above. In a manner similar to eq 3, Figure 4 shows a
logarithmic plot of the peak deformation rate as a function of
sweep rate; in this type of plot, the slope gives the b-value. In
the case of WO3·2H2O, the peak deformation rate varies with a
b-value of ∼1 during both proton intercalation and
deintercalation. For WO3, the peak deformation rate varies
with a lower value of ∼0.7 during both proton intercalation and
deintercalation. This relationship is very similar to what is
obtained for the peak current dependence as a function of
sweep rate in both WO3·2H2O and WO3,

6 again indicating the
strong relationship between the mechanical deformation of the
material and the proton intercalation process.

Figure 4. Kinetic analysis of the local deformation rate of WO3 and WO3·2H2O. (a, b) Deformation rate versus potential at sweep rates from
10 to 200 mV s−1 for WO3·2H2O (a) and WO3 (b). The circles indicate the deformation rate peak values used for b-value determination. Error
bars indicate the standard deviations of the deformation rate at specific potentials. (c, d) b-Value determination of the peak cathodic (c) and
anodic (d) deformation rate for WO3 (■) and WO3·2H2O (▲); markers indicate the cathodic and anodic deformation rate peak values at
specific sweep rates, and the dashed lines indicate the best linear fit.
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To determine whether the results obtained at a single spot
on the electrode are representative of the local features of the
material, we mapped a 20 × 20 grid of points with 25 nm
spacing between each point on the electrodes (an 11 × 20 grid
of points was used for quantitative analysis; details in Methods
and Experimental). At each point, the local deformation of the
electrode was measured as a cyclic voltammetry sweep rate of
200 mV s−1 was applied to the entire electrode for seven cycles.
This experiment allowed for a correlation between the global
current measurement and the local, nanoscale electrode
deformation. Videos tracking the deformation rate and current
as a function of potential at each point for WO3 and WO3·

2H2O are available in the Supporting Information. The videos

show that for both materials the deformation rate as a function
of potential at each point is qualitatively similar, and therefore
the results obtained at a single point are representative of the
overall material response. Figure S5 shows the current and
average deformation rate as a function of potential. Compared
to the graphs obtained from a single point, the averaged graph
shows better agreement between the deformation rate peak
potentials and the current peak potentials and enhanced signal-
to-noise ratio. Figure 5 shows “maps” of the deformation rate
and current for the cathodic and anodic peak potentials for
WO3 and WO3·2H2O (peak potentials are indicated in Figure
S6). The deformation rate maps show that while single-point
measurement results are qualitatively similar to each other, both

Figure 5. Spatial variation of the local deformation rate of WO3 and WO3·2H2O electrodes at the cathodic and anodic peak current potentials.
(a, b) Local deformation rate at the cathodic peak current potential for WO3·2H2O (a) and WO3 (b). (c, d) Local deformation rate at the
anodic peak current potential for WO3·2H2O (c) and WO3 (d).

Figure 6. Representative response of regions with low, medium, and high deformation rates. (a, b) Deformation rate versus potential of WO3·

2H2O (a) and WO3 (b) extracted from regions with low, medium, and high deformation rates. Error bars indicate the standard deviations of
the deformation rate at specific potentials. (c, d) Maps of the locations of regions with low, medium, and high deformation rates in WO3·

2H2O (c) and WO3 (d).
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electrodes exhibit spatial inhomogeneity. The inhomogeneity is
visualized in Figure 6, which shows the average deformation
rate versus potential collected from regions with low, medium,
and high deformation rates. The inhomogeneity can be
attributed to the variation of the electrode thickness and
particle orientation observed in the SEM micrographs in Figure
S1.
Overall, this technique presents a method to correlate global

electrochemical measurements with local deformation in energy
storage materials. The advantages of this technique include an
indirect measurement of local electrochemical activity with an
axial resolution of up to 0.1 nm, a lateral resolution of tens of
nanometers, and a temporal resolution as high as 100 μs. There
are several limitations to this method. The first limitation
comes from the AFM instrument. The scan size is usually
limited to below 150 × 150 μm. The second limit may come
from the time it takes to scan and perform dilatometry over a
large area, as in the meantime the sample may undergo
degradation or drift of position, or the electrochemical cell may
change (due to electrolyte evaporation, reference electrode
drift, etc.). Due to the nature of AFM probes, sample areas that
contain steep walls and overhangs should be avoided. While the
ideal sample for AFM would be an epitaxial thin film with well-
controlled crystallographic orientation and thickness, our
results show the versatility of the technique in that good
results are possible even with more disordered drop-cast and
porous electrodes.
To understand the differences in the deformation of WO3·

nH2O electrodes during proton intercalation, we investigated
the materials’ structural evolution using ex situ X-ray diffraction
(XRD). WO3 (Figure S7) undergoes a reversible phase
transition, whose onset and disappearance coincides with the
cathodic and anodic redox peaks, respectively, of the cyclic
voltammogram. Prior reports of H+ and Li+ intercalation into
monoclinic WO3 have determined that at the level of
intercalation investigated here (H0.12WO3), there is an
electrochemically reversible phase transition to the tetragonal
structure,25−27 and at H0.23WO3, this transition leads to a
volume expansion of 1.77% from the pristine monoclinic
WO3.

28 While this expansion is of the same sign and order of
magnitude as the results obtained with operando AFM
dilatometry, the unit cell volume expansion obtained from
refinement of XRD patterns is smaller. The difference is
attributed to the complexity of our drop-cast thin film
electrodes, where orientation of the particles and porosity
could contribute to the deformation magnitude. As shown in
Figure S8a, the results presented here agree with these prior
reports in that at a potential of −0.2 V (H0.12WO3) the
structure can be indexed to that of tetragonal H0.1WO3.

27 The
variation in XRD peak widths in Figure S8a is not consistent,
which is attributed to the presence of two related monoclinic
phases in the pristine WO3 (Figure S8b).6,29 WO3·2H2O also
undergoes a reversible phase transition whose existence is
bound by the cathodic and anodic redox peaks (Figure S9).
Importantly, these results show that for intercalation levels of
up to H0.1WO3·2H2O (−0.2 V) there is no visible change of the
(010) interlayer spacing. This has been attributed to the
absence of proton storage sites in the hydrated interlayer of
WO3·2H2O.

30 The primary structural differences before and
after the phase transition are the merging of diffraction peaks
between ∼22.5° and 27.5°. Laurinavichute et al.31 also observed
the merging of these peaks with chemical intercalation of
protons into WO3·2H2O. Prior reports indicate that the phase

transition is likely due to a structural transformation toward a
more symmetric crystal structure via increasing orthogonality of
WO5(OH2) octahedra

31−33 due to the storage of protons in the
octahedral tungsten oxide layer.33,34 The distortion of WO3·

2H2O due to proton intercalation is therefore only two-
dimensional, whereas the distortion of WO3 is three-dimen-
sional. This difference in structural distortion between the WO3

structure and WO3·2H2O may contribute to the more
irreversible electrochemical intercalation kinetics in the former,
resulting in the previously reported transition from battery to
pseudocapacitive behavior via structural water.6

The results presented here demonstrate that WO3·2H2O and
WO3 exhibit different deformation behavior during the storage
of protons. As indicated by the ex situ XRD results shown here
and reported previously, both WO3·2H2O and WO3 undergo
phase transitions upon intercalation of H+. However, in the
material with structural water, the mechanism is kinetically
surface-limited and highly reversible, whereas in the anhydrous
material, it is diffusion-limited and more irreversible. The
differences in the mechanical response and kinetics between
these two materials may be due to the difference in the number
of primary bonds that undergo distortion during proton
intercalation and deintercalation and the role of interlayer
structural water in confining distortion into only two
dimensions.
WO3 exhibits a distorted ReO3-type structure, where each

WO6 octahedron is corner sharing in three dimensions. WO3·

2H2O is made up of WO5(OH2) octahedra that are also corner
sharing, but only in two dimensions; the corner-sharing
octahedra layers are separated from each other by structural
water molecules (Figure S10). In both materials, the proton
intercalation site has been hypothesized as the octahedral site
between the bridging oxygens of tungsten octahedra.33,34 The
primary structural differences in this site in WO3·2H2O are that
there is an interlayer water molecule above and below the site
and that WO5(OH2) octahedra are not connected to each other
via primary bonds between layers. The separation of these two-
dimensional layers by structural water may lead to much more
facile and flexible mechanical deformation during proton
intercalation than in WO3, where the WO6 octahedra effectively
undergo three-dimensional distortion during ion intercalation.
The apparent lack of proton intercalation sites within the
structural water layer in WO3·2H2O is also quite different from
the intercalation behavior of other layered oxides with
structural water and may explain why the kinetic behavior of
this material is particularly fast.

CONCLUSIONS

Our results imply that for a material to possess high rate
capability it not only needs high electronic and ionic
conductivity but also a flexible structure to accommodate the
structural distortion due to ion storage. These results also
demonstrate a powerful and versatile operando AFM technique
for measuring local electro-chemo-mechanical coupling in
materials, opening the door for improved understanding of
mechanisms of energy storage in materials as well their
degradation processes. In the future, this technique can be
expanded to map out the details of local redox processes or
applied to single-particle electrodes that cannot be measured
with standard electrochemical techniques.
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METHODS AND EXPERIMENTAL

Synthesis. WO3·2H2O was synthesized through a room-temper-
ature acid precipitation method as described by Freedman.35 WO3 was
obtained through thermal dehydration of WO3·2H2O at 350 °C in air.
Thin Film Electrode Preparation for Operando AFM

Measurements. WO3·nH2O thin films for the operando AFM
dilatometry measurements were drop cast from N-methyl-2-
pyrrolidone (NMP, Sigma-Aldrich) onto circular glassy carbon
substrates (HTW-Germany). The solutions consisted of 95% w/w
active material (WO3·nH2O) and 5% w/w polyvinylidene fluoride
binder (PVDF, Arkema). Substrates were air-dried overnight before a
final oven drying step for 30 min. Anhydrous WO3 films were dried at
130 °C, and WO3·2H2O films were dried at 75 °C to prevent
dehydration. Resulting films had a total mass loading of 100 μg cm−2.
Electrode Preparation for Ex Situ X-ray Diffraction. The

anhydrous WO3 slurry was made as described previously.6 WO3·2H2O
electrodes were fabricated by mixing an aqueous solution of WO3·

2H2O (16% w/v) with a slurry consisting of acetylene black (4% w/v)
(Alfa Aesar) and PVDF (4% w/v) in NMP. The resulting mixture had
a composition of 80% w/w WO3·2H2O, 10% w/w acetylene black, and
10% w/w PVDF. Electrodes for the ex situ studies were made by
painting the slurry onto platinized silicon wafers (Radiant
Technologies, Inc.) and drying at 50 °C. Mass loadings for ex situ
measurements were controlled at 4−5 mg cm−2.
Characterization. Operando Atomic Force Microscopy Dila-

tometry. Operando AFM dilatometry measurements were conducted
using a commercial in situ electrochemical AFM cell (Figure S2) and
MFP-3D atomic force microscope (both from Asylum Research, USA)
with Pt-coated AFM tips (Nanosensors, PPP-EFM-50, k = 0.5−9.5 N
m−1). Electrode deformation measurements were obtained using two
methods. For deformation measurement on individual spots, a
constant force mode was used. For the 20 × 20 point grid mapping
with a spacing of 25 nm, the AFM cantilever performed a force−
distance curve at each spot and triggered the potentiostat to run cyclic
voltammetry at 200 mV s−1 for seven cycles during the contact part of
the force−distance curve. After the cyclic voltammetry was finished,
the cantilever withdrew and moved to the next spot. The above
procedure was repeated for all 400 points on the grid. The
deformation was recorded by the deflection of the cantilever.
Electrochemical characterization was performed with a Bio-Logic SP-
300 potentiostat (Bio-Logic, USA) in a three-electrode configuration
with Ag/AgCl reference and activated carbon counter electrodes in 0.5
M H2SO4 as the electrolyte. The EC-Lab software (Bio-Logic)
recorded the time, potential of the working electrode, current, and
deformation signal from the microscope in units of volts. The
conversion of the deformation signal to the unit of length was obtained
by taking the slope of the retraction part of the force−distance curve.
Ex Situ X-ray Diffraction. X-ray diffraction was performed on a

PANalytical Empyrean X-ray diffractometer in standard Bragg−
Brentano geometry with Cu Kα radiation. Ex situ measurements for
anhydrous WO3 were performed in a nitrogen atmosphere with the
Anton Paar TTK 450 chamber. Measurements for WO3·2H2O were
conducted in an ambient atmosphere to prevent dehydration.
Diffraction patterns were collected for both phases at various
potentials as noted in the main text in order to determine the
structural evolution as a function of potential. Electrochemical
measurements were conducted in a three-electrode beaker cell with
Ag/AgCl reference and platinum wire counter electrodes in a 0.5 M
H2SO4 electrolyte. The potential of the working electrode was
controlled with a WaveNowXV potentiostat (Pine Instruments) using
linear sweep voltammetry (LSV) at a sweep rate of 5 mV s−1. After the
LSV scan finished, the electrode was immediately removed from
solution, rinsed with deionized water, dried with compressed air, and
placed into the diffractometer. The same electrode was used
throughout the ex situ experiment. After one XRD measurement and
before the next LSV scan, the electrode was held at either the open-
circuit potential (cathodic scans) or −0.2 V (anodic scans).
Data Analysis. Analysis of Operando AFM Deformation Data.

To obtain the electrode deformation rate, a set of data-smoothing
procedures was applied to the original deformation data, δ(E). The

high-frequency noise was smoothed by a Savitzky-Golay filter, and
then a background subtraction was applied to remove the low-
frequency background variation. The derivative of the smoothed
deformation data was taken with respect to time to obtain the
deformation rate, dδ(E) dt−1. Due to the sensitivity of the derivative,
the deformation rate data were smoothed with a second Savitzky-
Golay filter. The negative deformation rate was used in the graphs to
aid visual observation and in the main text was referred to as
“deformation rate”. A negative deformation rate indicates expansion of
the electrode, while a positive deformation rate indicates contraction.
For the mapping data, note that, due to external interferences
including reference potential drift during measurement for WO3·2H2O
and software glitches for WO3, only the first 11 × 20 grid of points was
used for quantitative analysis. Full maps with a 20 × 20 grid of points
at the anodic and cathodic peak current potentials are presented in
Figure S11. The criteria for selecting regions with low, medium, and
high deformation rates in WO3 and WO3·2H2O are displayed in Table
1.
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WO3·
2H2O

−0.04 to −0.01 −0.07 to −0.04 −0.14 to −0.07

aTo generate these ranges, the deformation rates at each spot at the
cathodic peak potential were grouped together and analyzed with a
histogram.
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