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ABSTRACT

Organic mixed ionic-electronic conductors (OMIECs) are the core functional component of various
organic electrochemical devices. To be highly conductive, OMIECs require electrochemical doping by
electron/hole extraction and charge compensation by counter ions, which often induces concomitant
changes in material properties for their electrical, optical, and mechanical behaviors. Here, we
characterize the doping kinetics of a model solid-state poly(3,4-propylene dioxythiophene) (PProDOT)
thin film via a designed moving front experiment using optical microscopy and in-situ nanoindentation.
The in-plane front propagation displacement shows bilinear dependence on the square root of time,
indicating a diffusion-controlled process. Nanoindentation results show drastic changes in the film
morphology and the elastic modulus and hardness upon doping. As the swelling-induced stress may
bias the doping kinetics, we observe that an applied pressure as low as 2.8 MPa significantly retards
the electrochemical redox reaction. Theoretical modeling is proposed and implemented using the finite
element method, which well captures the doping kinetics of PProDOT under stress. We also evaluate
the diffusivity dependence on the doping level and the mechanical stress. This work sheds light on

the coupled electrochemical and mechanical responses of OMIECs.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Organic mixed ionic-electronic conductors are an emerging
family of materials of promising applications in organic elec-
trochemical transistors [1,2], optical modulators [3], energy har-
vesters/storage, and light-emitting devices [4,5]. For example,
organic electrochromic materials modulate the intensity of the
incoming light when integrated into smart windows and opti-
cal shutters, as shown in Fig. 1-Application. Unlike traditional
inorganic-based electrochromic materials, organic electrochromic
polymers often exhibit intrinsically high optical contrast ratios,
fast switching speeds, and high coloration efficiencies. The excel-
lent performance of OMIECs originates from their dual ionic and
electronic conduction. Usually insulative in their neutral state,
OMIECs can be doped by extracting electrons/holes under very
low voltage (<1 V) for electronic conduction, which is accompa-
nied by ion insertion/expulsion for electroneutrality [6,7]. Doping
often induces (i) electronic structural changes, manifested as
the electrochromic behavior [8], and (ii) phase and microstruc-
tural changes, presented as volumetric swelling and material
softening [9,10].
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The doping process of thin-film OMIECs is well studied in
the liquid electrolyte, where the ionic transport takes place in
the thickness direction and diffusion is rarely the rate-limiting
process [10]. The doping kinetics in liquid electrolyte is focused
ion injection [11,12], structural relaxation [13,14], and neutral-
polaron-bipolaron transitions [13,15] which are typically on the
subsecond time scale. Electrochemical measurements spanning
longer time scales, such as cyclic voltammetry, are also em-
ployed [10,16,17]. Alongside the studies of doping kinetics in
the liquid environment, solid-state doping that involves diffusion
over longer time and distance offers additional insight in the
switching kinetics. This is also of practical importance given that
electrochemical devices are often made as solid state to limit
the excessive swelling induced by solvent uptake [18,19] and for
improved durability [20].

Moving front experiments present a unique way of charac-
terizing solid-state doping kinetics of OMIECs [21]. In a typical
setup, a thin-film electrode is partially covered by an ion-blocking
layer. The uncovered part is immersed in a liquid electrolyte
and connected with a counter electrode and a reference elec-
trode [22]. Under an applied voltage, the OMIECs film in contact
with the liquid electrolyte is doped [23]. In contrast, the re-
gion without direct contact with the electrolyte relies on the
ion supply from the neighboring doped region. The redox front
separating the doped and un-doped regions moves under the
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Fig. 1. Schematics of doping kinetics study using combined techniques of moving front experiments and theoretical modeling for advanced optical devices. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

thermodynamic driving force [15]. The setup has allowed the
direct measurement of ion mobility [24], establishment of doping
models [25], and understanding of ion transport mechanisms [26,
27]. When incorporated with electrochromic technologies, the
moving redox front separating the transmissive and colored re-
gions allows active color control with enhanced temporal and
spatial resolutions [28], which benefits applications including
customized dynamic windows and fine-tuned aperture sizes for
minimized image distortion in cameras [29], as sketched in Fig. 1-
Application. Note that the above work involves the use of an
ionic barrier material, which makes the mechanical testing and
morphological characterization of the film difficult.

We further note that mechanical stresses may also impact the
doping process. Theory and experiments show that ion insertion-
induced swelling causes compressive stresses on the order of
~10 MPa in polypyrrole thin films [9,30]. The solid-state OMIEC
devices may also be subject to mechanical load or stacking pres-
sure in their applications. Moreover, stretchable organic elec-
tronic/electrochemical devices [31] and polymer actuators [32]
are inevitably under stress during operation. Mechanical stresses
modify the chemical potential of the mobile species and change
its transport behavior in the OMIECs [33,34]. However, the ex-
tent to which stress modifies the doping kinetics remains elu-
sive. This knowledge gap can be bridged by considering the
coupled electrochemical and mechanical responses as shown in
Fig. 1-Theory.

Here, we utilize the moving front setup combined with in-
situ nanoindentation to characterize the doping kinetics and its
dependence on stress during redox switching in a model elec-
trochromic OMIEC polymer, poly(3,4-propylene dioxythiophene)
(PProDOT). We show that the front propagation is governed by
the ion diffusional characteristic, as demonstrated by the real-
time observation and finite element modeling (FEM) using the
experimental data of elastic modulus, hardness, and volumetric
strain across the moving front. We find that an externally applied
pressure of 2.8 MPa significantly retards the propagation of the
moving front, due to the stress contribution to the chemical
potential and diffusivity of the mobile ions.

2. Results and discussion
We design the moving front experiment as shown in the

schematic of Fig. 1-Experiments. The left portion of the setup is
a full electrochromic device, consisting of stacking layers of an

OMIECs thin film, a gel electrolyte for ion conduction, a counter
electrode for charge balancing, and indium-tin oxide (ITO)-coated
glass substrates as current collectors. This moving front setup
allows the characterization of solid-state doping kinetics and
mechanical properties of the PProDOT [3,35] thin film. An in-situ
optical microscopy is used to observe the time evolution of the
moving front. With an applied voltage of 1V, the PProDOT film
in contact with the gel electrolyte is doped with holes/anions
and bleached to transmissive light blue. Then the redox carri-
ers move towards the pristine magenta domain ahead of the
moving front on the right. The microscopic images (scale bar
100 pwm) in Fig. 2(a) captured at 0, 1 h, and 10 h and Video
S1 show the propagation of the front. The front propagation
length L is defined as the distance from the ion source to the
front position as seen visually from the microscopic images. The
resolution (pixel size in the microscope images) is ~1 pm. We
plot the front displacement L against the square root of time +/t
in Fig. 2(b). The shaded area represents the standard deviation
of the front displacement measured from three different devices.
The bilinear curve in Fig. 2(b) indicates the diffusional charac-
teristic of the front propagation. The faster kinetics in the first
stage is mostly attributed to the surface diffusion of ions due
to the excessive gel electrolyte covered on the film during the
assembly process. The excessive coverage is formed when the
counter electrode is attached on top of the liquid gel precursor
before photocuring, and the liquid electrolyte flows beyond the
edge of the counter electrode. Once the surface excessive ions
are depleted, surface diffusion is minimized, and bulk diffusion
through the doped region becomes dominant which takes more
time and slows the front propagation. The transition takes place
at ~4 h after the voltage is applied. The diffusivity is calculated
by D = [%/2t for one-dimensional diffusion and the results
are D; = 7.80 x 1072 m? s~! in the first stage and D, =
1.52 x 10712 m? s~! afterward [36]. Using materials with proper
conductivity/diffusivity can yield desired and reversible moving
front in specific applications [24,37].

We utilized in-situ nanoindentation residing in a glovebox
to measure the mechanical properties and swelling behavior of
PProDOT thin film in liquid electrolytes in our previous work [9,
10]. Combined with the moving front experiment, the doped
region with an exposed surface allows in-situ mechanical char-
acterization of the doping process in solid-state devices. The
PProDOT of different redox states, separated by the moving front,
show drastically different properties as measured by nanoin-
dentation experiments. The tests are performed after ~48 h of
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Fig. 2. Kinetics of the moving front in PProDOT thin film. (a) Camera photo (upper panel) and optical microscopic image (lower panel) at 48 h and snapshots at 0,
1 h, and 10 h of the PProDOT film under 1 V bias voltage. The moving front is indicated by arrows. The scale bar is 100 wm. (b) Moving front displacement as a
function of the square root of time. Inset values are the apparent diffusivity for the two linear domains. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

front propagation in thick films (~425 nm). At this time, the
front is nearly immobile during the measurement. The load-
displacement curves are recorded (Figure S1), and the substrate
independent elastic modulus and hardness are calculated as
shown in Fig. 3(a) and (b), where the shaded regions in cyan
represent the standard deviation. Due to the ion insertion and
microstructural change of the PProDOT film, the doped region
behind the moving front (left to the dashed line) has drastically
decreased modulus (E = 422 £ 100 MPa) and hardness (H =
33+7 MPa) compared to the pristine magenta phase (E = 1063+
53 MPa, H = 78 £ 6 MPa) ahead of the front. The results agree
with our previous work measured in the liquid environment [9].
The measured thickness of the film for the doped region shows
an increase of 143 nm than the pristine region, Fig. 3(c). Since
the in-plane deformation of the film is bounded by the substrate,
this corresponds to a volumetric strain of &y = % = % X
100% = 34% in PProDOT. This swelling ratio is consistent with
and near the upper bound of swelling of PProDOT in the liquid
environment [9,10].

The huge volumetric swelling would lead to enormous stresses
in the film if one assumes an elastic response of PProDOT, and the
overestimated stress may dominate the thermodynamic driving
force of the doping process. We estimate the yield strength of
PProDOT as the upper bound of the stress in the film upon doping.
We adopt a well-used formula by Marsh [38] and others [39].
Using a Vickers indenter tip, Marsh showed that, different from
FCC metals, the elastic modulus E, hardness H, and yield strength
Y of a variety of materials such as steels and polymers are related
via § = 0.28 + 0.6052; In (7555 ), Where A = (1—2v) 1§,
B=(1+4+v) % and v is the Poisson’s ratio. With elastic modulus
and hardness measured at different locations, we solve the above
equation and plot the yield strength in magenta in Fig. 3(d).
Clearly, doping softens the material, causing the yield strength to
decrease from 35 MPa to 11 MPa from the pristine to the doped
states. If material pile-up [40] occurs underneath the indenter tip,
one would underestimate the contact area and thus overestimate
the modulus/hardness. Using the lower limit of the measured
modulus and hardness (average minus standard deviation), we
plot the yield strength as if pile-up occurred in Fig. 3(d) in cyan.
Similarly, we also estimate the upper bound of yield strength
when material sink-in may happen during the nanoindentation
experiments as shown in Fig. 3(d).

To understand the kinetics of the moving front, we consider
mass transport of a single mobile species in a host undergoing
large deformation and implement the theory into finite element
modeling, as described in detail in Section 4 Method. Some im-
portant parameters are listed as follows. The charge to fully dope
a thin film of the volume V = 3 cm x 0.7 cm x 100 nm is

measured as Q = 2.78 mC. Then the ion concentration within
the doped film is % = 1372 mol m~3, where F is the Fara-
day’s constant. Here, we define the doping level Cyoping as the
ion concentration (single charged) normalized by the maximum
concentration. For polymers like PProDOT, the maximum doping
level is about 33% [41]. Therefore in the model, a concentration
of 1372 mol m~3 corresponds to the doping level of 33%. The
gel electrolyte is considered as an ion reservoir. Since all ions
supplied to the front transport through the doped region, we treat
the portion of the PProDOT in direct contact with the electrolyte
as an ion source with a fixed doping level of Cgoping = 0.33. To
avoid singularity of the chemical potential due to the logarithm
term, the minimum concentration is set as 1 mol m~ at the right
boundary and as the initial value for the entire model.

Once doped, the ionic diffusivity and electronic conductivity
of OMIECs will increase by several orders of magnitude [42].
Aside from the contribution of pressure to the chemical potential
of the mobile species, hydrostatic stress also modifies the ionic
diffusivity due to the change of the free volume of the host [43-
45]. These observations lead to the decomposition of the apparent
diffusivity D,p, (as shown in Fig. 2(b)) into three components,
Dapp = faDo exp | —fc (Caoping — 0.33)2] exp (f;22), where Dy is
the ionic diffusivity in the pristine PProDOT free of stress and
without an applied voltage, f4, fc, and fs are constants to be
determined, G is the shear modulus and is related to elastic
modulus by G = 55 where v = 0.3 is the Poisson’s ratio.
The term fqDg is determined by fitting the front propagation
length. The exponential term with fc accounts for the dependence
of diffusivity on the doping level, which controls the widths of
the front. The exponential term with f; accounts for the impact
of the mean stress op, defined as o, = (ox + 0y + 0;)/3, on
ionic diffusivity. We set Dy = Dy, as the initial value and then
adjust the parameters such that the modeling results match the
experimental measurement. For the front propagation modeling,
we do not consider the stress effect and thus set f; = 0. When
evaluating the stress effect on diffusivity in the later section of
the work, we choose a lower limit of the stress factor in the
literature [43] and set f; = 6.

Past studies showed that a steep change in diffusivity as a
function of the doping level is necessary to produce a sharp mov-
ing front [26]. To evaluate the dependence of the ionic diffusivity
on the doping level, we determine the parameter fc such that the
front width at 2 h is the same for the experiments and modeling.
In experiments, the front width (~37 wm) is evaluated visually by
optical images with calibrated scale bars, as shown in Figure S2. In
modeling, we define the front width as the distance along which
the doping level drops from 36% of the maximum doping level,
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Fig. 3. Mechanical characterization of the PProDOT film near the moving front on (a) elastic modulus E, (b) hardness H, (c) change of film thickness 8h, and (d) yield
strength Y. The dashed lines show the location of the moving front. The shaded areas show the standard deviation. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

i.e.,, 0.33 x exp (—1), to the minimum value. Since the film is thin
and the ion concentration is uniform in the through-thickness
direction, the doping level is evaluated at the bottom of the
film. The concentration and stress contours show little variation
through the thickness direction of the film, here we take the
values at the bottom of the model. As shown in Fig. 4(a) and the
zoom-in view in (b), larger fc for a steeper increase in diffusivity
upon doping causes a sharper moving front. Table S1 lists the
front width for different values of fc Among the tested range of
fc with a fixed value of f4 = 1, we select fc = 53, which produces
the closest value of the front width in experiments (~37 pwm)
and represents an increase of the diffusivity upon full doping by
a factor of ~300. In the future modeling, f- remains fixed at 53.
To match the apparent diffusivity estimated in Fig. 2(b), we now
fit f4 such that the displacement of the moving front in the model
matches that of the experiment. Here the propagation displace-
ment of the front in the experiments is determined visually by
the optical images as shown in Fig. 2(b), while in the modeling,
we define the moving displacement to be the distance over which
the doping level drops from its maximum value (0.33) to 36% of
the maxima. In Fig. 4(c) and the zoom-in view (d), we plot the
doping level at 1 h (solid line) and 2 h (dashed line) for f4 = 1
(cyan), fy = 2 (gray), and f4 = 3 (magenta). Among the tested
values, fq = 3 gives a good agreement of the front displacement
at the two times and is used in the modeling.

With the fitting parameters fc, fq at specific times, and the
apparent diffusivity D; and D,, we further validate the model
and parameters in the long-time propagation of the moving front.
Fig. 4(e) and Figure S3 shows that the front displacement pre-
dicted from the FEM for over 48 h agrees well with the exper-
imental results. This corroborates the finding that the doping
kinetics in the moving front experiment is a diffusion-controlled
process. In Fig. 4(f), we plot the contours of the doping level,
mean stress, and plastic strain at 48 h. The doped region holds
a higher concentration of ions and thus a greater extent of vol-
umetric swelling. Significant plastic deformation is observed to

accommodate the swelling of PProDOT upon doping. The mate-
rial yielding impacts the doping profile as the ion concentration
profiles show kinks in Fig. 4(b) and (d). The kinks are formed due
to the stress concentration at the moving front. Since the yield
strength decreases with the doping level, the region where the
yield condition is just reached has the largest compressive stress.
The compressive stress increases the chemical potential of the
mobile ions and drives diffusion from the compressed region to
its vicinity. This raises the ion concentration ahead of the front
and leads to kinks in ion distribution.

To further examine the impact of mechanical stresses on
the doping kinetics, we conduct experiments on the moving
front with an external pressure applied on the exposed surface
of the film and observe the dynamic behavior. The setup is
schematically shown in Fig. 5(a). The pressure is applied with a
load-transmitting polyethylene terephthalate (PET) film under a
steel plate wrapped with polyethylene (PE) to cover the sharp
edges and prevent damage to the film during loading. Two office
clamps are used to compress the stacked PProDOT thin film,
load-transmitting plate, and pressure sensor. In the control exper-
iment, the pressure sensor shows little decay before the release
of the pressure after several days. We conduct experiments with
increased pressure from 1.63 MPa to 12.31 MPa and observed
that 2.80 MPa is a threshold of pressure to significantly retard
the diffusion process, as shown in Figure S4. The camera photo
and microscope image of the sample under a 2.80 MPa pressure
are shown in Fig. 5(b). The region in direct contact with the
electrolyte is completely bleached to transmissive light blue, and
the moving front continues to propagate towards the un-doped
domain. At ~48 h, the front reaches the stressed region from the
ion source. After an addition of ~72 h, the test is terminated. For
the pressured region, as seen in the camera photo and circled
by the white dashed box in the microscope image in Fig. 5(b),
a clear color contrast presents compared to the pressure-free
region. The PProDOT film within the irregular regions outlined
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of the references to color in this figure legend, the reader is referred to the web version of this article.)
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by the black dots is peeled off when the PET-PE plate is removed,
leaving the bare ITO coated glass visible. We further employ UV-
VIS spectroscopy to quantify the film absorbance at five different
locations in the film, spanning across the pressured and stress-
free regions, as shown in Fig. 5(c). The curves are adjusted such
that the absorbance at 350 nm is approximately the same, since
doping does not alter the ultraviolet spectrum of PProDOT [3].
The result shows that at locations 1, 2, and 3, where the color
is light, the absorbance is low or intermediate, implying that the
moving front has passed through. In contrast, in the pressured
region 5, the absorbance is very high, on par with the absorbance
of pristine PProDOT magenta films. This indicates that the mobile
ions have not yet reached the region in magenta and the doping
process did not start. Region 4 has the second highest absorbance
among all. Figure S5 shows the current in the PProDOT film as a
function of time after the moving front reaches the stressed re-
gion. The current density starts increasing after ~60 h, indicating
a higher ion consumption rate at the moving front and thus an
increased current density. The decreased absorbance in region 4

compared to region 5 and the increased current density in Figure
S5 indicate that the moving front reaches beyond the stressed
region. The front propagation displacement of the stress-free re-
gion is ~6.21 mm whereas in the stressed region it is ~0.40 mm
for 72 h, showing that the stress impacts the diffusivity roughly

2
by a factor of D% = (i = (%)2 = 241. As discussed before,

the doping level can alter the ionic diffusivity by ~300 times. The
mechanical stress has a comparable impact on the ionic transport
as that by electrochemical doping.

To understand the effect of mechanical stresses on the dop-
ing kinetics, we use finite element analysis to evaluate the role
of stress in the following four conditions: (i) control condition
(Ctrl) without applied pressure and f; = O, (ii) pressured con-
dition (P) with an applied pressure and f, = 0, (iii) stressed
condition (f;) without applied pressure and f; = 6, and (iv)
combined condition (P&f;) with an applied pressure and f; =
6. Compared to the control, the other three conditions show
their influence on the doping kinetics due to the stress effect on
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four conditions at 4 h. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

chemical potential (pressured condition P), the stress effect on
ionic diffusivity (stressed condition f;), and combined effects on
chemical potential and diffusivity (P&f). Fig. 6 shows the doping
level profile and contour, and the mean stress contour for the
four conditions. In Fig. 6(a), different conditions are represented
by different lines (solid, dashed, dash-dotted, dotted). For the
same condition, colors of cyan (0 h), gray (2 h), and magenta
(4 h) represent the doping level at different times. In the control
condition (solid line in Fig. 6(a)), the front velocity is the highest.
Under the pressured condition (dashed line) the film experiences
higher compressive stresses compared to the control condition.
The applied pressure induces a large stress gradient across the
boundary of the pressured region, which in turn leads to a large
gradient in the chemical potential of the mobile ions. Therefore,
the pressured region accepts fewer ions from the doped pressure-
free region, leading to a drastic drop in concentration at the
edge of the pressured region. Compared to the control condition,
the stressed condition (dash-dotted line) unveils the effect of
the self-generated stress on diffusivity upon doping. The ion
insertion-induced swelling of the film is under constraint by the
substrate. The induced compressive stress contribute to the term
exp (f;%2) in the diffusivity. Here, the front propagation is also
slowed, but faster than the condition P. Lastly, for the combined
condition (dotted line), a drastic drop in the doping level is shown
at the boundary of the pressured region and results in the slowest
front velocity.

From the results we see that both the self-generated stress
and the applied pressure have a significant influence on the
doping reaction. Both increase the magnitude of the mean stress
om. The effect of the mean stress on doping process is twofold.
Thermodynamically, the mean stress contributes to the chemical
potential of the mobile species. A large compressive mean stress
increases the chemical potential. Thus, the driving force for ions
to diffuse into the pressured region is decreased. Kinetically, the
mean stress contributes to the term exp (fS %m) in the apparent
diffusivity. A large compressive mean stress decreases the appar-
ent diffusivity, which slows down ion diffusion in the pressured
region. Both factors tend to retard the doping reaction under the
pressured region.

For the four conditions, we back-calculate the apparent diffu-
sivity from the front propagation displacement. For the control,
P, fs, and P&f; conditions, the apparent diffusivities calculated
by D = L are 7.41 x 1072 m? 571, 339 x 1072 m? 57,
5.69 x 1072 m? s7!, and 2.42 x 1072 m? s, respectively.
The drastic change in doping level, mean stress, and thickness
are further evident in Figs. 6(b) and (c). Compared to the previ-
ously estimated D% = 241 from experiments, here the modeling

results seem to underestimate the stress effect on the doping
kinetics. The reasons for the discrepancy may be that (i) we used
a lower limit for stress factor f; in the literature and (ii) the
front propagation time in the FEM simulation is 4 h given the
high computational cost, which is much shorter than that in the
experiments. Nevertheless, the theory and modeling results have
demonstrated the significance of stress on the doping kinetics in
OMIECs.

3. Conclusion

In conclusion, we reveal the doping kinetics of a model organic
mixed ionic-electronic conductor, PProDOT, using the combined
moving front experiments and theoretical modeling. The bilinear
relationship between the moving front displacement and the
square root of time shows the diffusion characteristic of the dop-
ing process. The experimental setup allows in-situ measurement
of the mechanical properties and swelling of the thin film upon
doping. We also identify that an externally applied pressure of
2.8 MPa significantly retards the ion transport and the doping
process. We employ theoretical modeling and finite element anal-
ysis to evaluate the dependence of ionic diffusivity on the doping
level and mechanical stress. Results show that the self-generated
compressive stress in the film due to the redox reaction and
the externally applied pressure both slow the doping kinetics.
Our work presents a fundamental understanding of the coupled
electrochemical and mechanical responses of OMIECs in their
solid-state devices.

4. Methods

Device fabrication: PProDOT was synthesized via direct arylation
polymerization [46]. The number average molecular weight is
~11.1 kDa, with polydispersity index of 1.3. The powders were
dissolved in chloroform (20mgmL~!) and stirred overnight to
form a homogeneous solution before use. ITO-coated glass slides
were cleaned with ultrasonic in chloroform and then ethanol
for 10 min. The PProDOT solution was then spin-coated on ITO-
coated glass slides with a spin speed of 1500 rpm to form films of
the thickness of ~100 nm. The absorbance spectra were charac-
terized by UV-Vis-NIR spectrometer Cary-5000. The film thick-
ness was measured by the indentation test described in our
previous work [9]. VO, counter electrodes were synthesized, spin-
coated, and annealed as described in detail in our previous work
(with a thickness of about 200 nm) [20]. Gel electrolyte was
photocured for 10 min using the precursor with 5:5:1 volume
ratio of 1 M LiTESI/PC, poly(ethylene glycol) methyl ether acrylate
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(M, = 480, Sigma Aldrich), and photoinitiator 2-hydroxy-2-
methylpropiophenone (Sigma Aldrich).

In-situ nanoindentation: In-situ nanoindentation experiments were
done using the Agilent G200 indenter. Film thickness was mea-
sured by scratch test embedded in the Nano Suite software.
Continuous stiffness measurement with the substrate calibration
method was utilized for modulus and hardness test. Thermal
drift and airflow are minimized since the indenter is located
inside the Ar-filled glovebox. The device is powered by VersaStat
Potentiostat 3 (Princeton Applied Research) with a fixed voltage
of 1 V. The indentation is performed with the applied voltage
when the moving front propagates over ~1 mm. Optical images
are taken during the experiments.

Theory: We formulate the coupled diffusion and large deforma-
tion theory within the continuum mechanics framework. Con-
sider a material point X in the reference state and x in the current
state. The deformation gradient is decomposed into three parts
F = g—; = FeFinel = FalF cFp, i.e., the elastic contribution F, the
ion insertion induced F¢ = (1 + C£2)'/3, and the plastic portion
Fy. C is the ion concentration and §2 is the partial molar volume.
e = (F'F—1I)/2 is the total strain. Denote that ] = det (F).
Cauchy stress tensor o = J~'FSFT is derived from the 2" pjola-
Kirchhoff stress tensor § = JcF;, 24EQF T which is partial
derivatives of the free energy function density W (F, C). Finally,
we solve the equilibrium equation V- (FS) = 0. The Neo-Hookean
constitutive relation is chosen, and the free density function is
We = 1G(I1 — 3) — GIn (Jo)) + 3 [In (Je)|*, where G is the shear
modulus, A the Lamé parameter, and I; the first invariant of the
right Cauchy-Green deformation tensor. Von Mises yield criterion
is adopted for the plastic deformation and the yield function is

%ad :04 — Y, where o4 the deviatoric stress.

The plastic rule follows that C;ﬁ = —ZJ—AF”%FC;R,
Co = FElel. The yield function F, and the plastic multiplier A
fulfill the Kuhn-Tucker conditions: [47] A > 0, F, < 0, and
AFy = 0. The total free energy density function W = W, + W,
and W¢ defines the chemical potential of the mobile ions u =

Cdopin,
WESD = po + RTIn (—Cmi _C) —om$2 = o + RTIn (71_‘;;0;@) -

Fy = Omises — Y =

where

om$2, where o is the reference chemical potential, R is the
gas constant, T is the temperature, and oy, is the mean stress.
The flux is defined proportional to the gradient of the chemical
potential, ] = —S2F~'"F~"V ., where D is the diffusivity. Finally,
the continuity equation is solved, C + V -J = 0.

Finite element modeling: COMSOL Multiphysics 5.5 is used for the
implementation of the theory. A thin film geometry of 1 mm
by 100 nm is built to resemble the cross-section of the film,
as shown in Figure S6. The bottom of the film is fixed, while
the left/right ends are with roller constraints. For the diffusion
model, the left (right) boundary is set to the maximum (min-
imum) concentration with the initial concentration set as the
minimum globally. The material parameters are listed in Table
S2. The tangent modulus during strain hardening is set as 1% of
the modulus for convergence. The mesh sensitivity is checked.
Due to the computational cost, we assume in the model that the
expansion of the film due to ion insertion is 20% which is smaller
than the experimental data of 34%. This choice should have little
impact on the results because most of the deformation of the thin
film is beyond the elastic limit and is accommodated by plastic
flow which does not incur further growth of stress.
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