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This study investigates the electrochemical charging and discharging processes at a strained gold surface using dynamic mechan-
ical deformation. The electrocapillary coupling coefficient in our study, �, measures the response of the capacitive current to the
mechanical elastic strain with a focus on the potential range of the double layer capacitive process of interest. The variation in the
magnitude of � during the potential scan shows that the impact of surface strain on the capacitive current is strongly dependent on the
electrode states. The positive sign of � implies that tensile strain can enhance the charging current on the electrode surface, whereas
tensile strain has the opposite effect on the discharging current with the potential changing in the negative direction. Moreover, a
simple equivalent circuit was used to further characterize the coupling between the capacitive process and mechanical strain at the
gold surface for exploring the application in the field of electrochemical energy storage.
© The Author(s) 2019. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
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Recent studies have reported on the strong coupling between the
surface mechanics and the electrochemistry. The change in the charge
state at electrode surface gives rise to surface stress, leading to the
volume change of the electrode materials during the electrochemical
processes.1–6 The mechanical stress/strain can be also used as one of
the most effective methods for modulating conventional electrochem-
ical processes.7–18 For example, the capacitive process can be directly
affected by mechanically stretching the surface of either the crystal
metals7 or the amorphous materials.8 Moreover, the coupling of ad-
sorption enthalpies of the reactants to the surface strain provides a tool
for tuning the catalytic activity of electrode materials.9–12

The electrode potential, which is normally linked to the adsorption
enthalpy status of adsorbates at the electrode surface during the elec-
trosorption processes, was found strongly strain-dependent in previous
literature.11,12 In the past decades the variation in the electrode poten-
tial with respect to the surface strain was theoretically defined and
experimentally quantified as a key parameter to investigate the strain-
modulated electrochemistry.19–23 The metal-electrolyte interface un-
der dynamic strain has been modeled and thoroughly investigated with
an equivalent circuit to understand the strain-induced variation of elec-
trode potential in open circuit-conditions.20 When the electrochemical
circuit is closed for both the capacitive processes and electrocatalysis,
the application of mechanical strain to the electrochemical process in-
evitably gives rise to a current response to the applied strain.17 Since
the electrode current as one of the key variables reflects the charge
kinetics of electrode in electrochemistry, it is an interesting and impor-
tant topic to monitor and model the coupling between the capacitive
current and mechanical strain during the electrochemical capacitive
process.

The gold electrodes is taken as an example of investigation of this
unexplored area and the mechanical elastic strain was cyclically ap-
plied on the surface in present work. While the measurement strategy
was characterized by the previously established, the present study ad-
dresses the interplay of the dynamics of electro-mechanical coupling
with the charging kinetics of metallic electrodes both in experiment
and by phenomenological modeling. We further discuss the implica-
tions of the observation in present study for the strain response of the
charge in the electrochemical capacitive regime. The finding may be of
significance in further explorations of the performance enhancement
in electrochemical energy storage materials.
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Experimental

The details of the experimental procedures are largely identical to
those described in our earlier reports on the electrocapillary coupling at
the metal surfaces, see Refs. 7,12. The potential range in this study was
controlled within the capacitive charging/discharging process at the
strained surface of the gold electrode. All of the experiments carried
out in this work used gold thin films (∼50 nm) sputtered onto the
polyimide substrate (∼125 μm, Upilex, UBE) and were investigated
in the working electrolyte of 10 mM H2SO4 (Suprapur, Merck). The
electrode potential was controlled using a potentiostat (PG-Stat 302N
AUTOLAB) and was given relative to the standard hydrogen electrode
(SHE). The X-ray rocking curve indicated a strong texture with (111)
surface orientation.24 The electrode area, A, was ∼1.2 ± 0.2 cm2 and
was wetted by the electrolyte meniscus in this study. The electrode
surface was cyclically strained by an external piezo-actuator system.
The strain amplitude was in the order of 10−4 and the strain frequency
was controlled from 0.6 Hz to 100 Hz in a sinusoidal waveform. The
lock-in amplifier (SR 7270 Signal Recovery) measured the strain-
induced current modulation from the amplitude of the potential drop
over a shunt resistance (∼46 �) in series with the CE. Using the
sinusoidal strain signal as the reference in lock-in amplifier, the real
and imaginary components of the strain-induced current variation were
analyzed and detected by the lock-in technique.

Results

The cyclic voltammogram (CV) of the 111-textured gold electrode
(Fig. 1) exhibits the well-known potential range of the nominally ca-
pacitive behavior of a metal surface bounded by the onset of oxy-
gen and hydrogen species electrosorption regimes. We now strain the
working electrode mechanically by controlling the movement of a
piezo-actuator during the potential sweep. Fig. 2a shows the oscilla-
tion trace of the capacitive current signal in the time domain as the
potential sweeps, while the gold surface is under cyclical strain. We
note that the cyan solid curve in Fig. 2a shows the conventional current
signal obtained without straining the electrode surface. For illustration,
we imposed a constant electrode potential of 0.6 V and recorded the
time-dependence of the applied strain and the current response signal
by an oscilloscope. These results are shown in the Fig. 2b. It is read-
ily seen that the current response signal exhibits the same variation
frequency as the applied strain. This finding confirms that the current
oscillation observed in Fig. 2a is indeed induced by the applied strain,
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Figure 1. Current density, j, plotted versus the electrode potential, E in 10 mM
H2SO4. The scan rate is indicated in the figure.

and the strain-induced current variation is clearly resolved, despite the
small amplitude of the applied strain (∼0.02% in this study).

At first glance, the peak-to-peak amplitude of the capacitive current
oscillation observed in Fig. 2a depends on the state of the electrode
(E). This cyclic oscillation of the capacitive current induced by a si-
nusoidal strain signal can either be directly recorded as a part of the
voltammogram, or it can be accurately analyzed in terms of the ampli-
tude and the phase using a lock-in amplifier. To describe the extent of
the mechanical strain effect, an electrocapillary coefficient of interest
is defined as the response of the electrode current to the mechanical
strain at the constant potential conditions,7 namely, � = dI

dε
|E , where I

is the electrode current, E is the electrode potential, and ɛ is a tangential
strain variable.

Using the first measurement strategy, the peak-to-peak amplitude
of the strain-induced current variation was mathematically calculated

from the CV data and is plotted as a function of the electrode potential
as shown in Fig. 2c. The lock-in technique was also used to evalu-
ate the strain-induced current variation as the second measurement
strategy. The curves obtained by two different strategies agree in the
entire potential window. It is observed that the effect of the surface
strain on the capacitive current (|�I/�ɛ|) depends strongly on the elec-
trode potential, in agreement with the oscilloscopic observation results
presented in Fig. 2a. We now discuss the magnitude of �. From the
negative limit of the potential, the magnitude value of � increases in
the scan in the positive direction and then reaches a maximum peak
value of +5.3 ± 0.3 mA at the potential of E ≈ 0.65 V. Upon further
increase in E, the coupling coefficient decreases. When the scan di-
rection is inverted, the graph of �(E) reflects its essentially reversible
behavior.

For the first measurement strategy, it is difficult to obtain the phase
shift of the current variation relative to the strain signal during the
potential sweep due to the large database. Since the lock-in technique
uses a sinusoidal strain signal as the reference signal, it can be used to
record both the magnitude and the phase shift of the current variation
relative to the strain signal in a single measurement during cyclic
voltammetry. The phase shift of � varies somewhat from 20° to 35°
at the strain frequency of 20 Hz throughout the entire potential range
in our study. The potential interval during cyclic voltammetry was set
to around 2 mV when using 10 mV/s scan rate in our measurement.
The equilibrium time at each potential point could be around 200 ms,
which is 4 cycles of strain variation (20 Hz). That is sufficient time to
monitor the value of � by the lock-in amplifier. It can be seen as the
effective value of � at each potential interval. The stable value of �
in the time domain, as shown in Fig. 2d, indicates that the the system
is at equilibrium during measurement in Fig. 2c.

Considering that one of the significant features of a capacitive cur-
rent is that its magnitude depends strongly on the potential scan rate,
it is also of interest to determine the relationship between the current-
strain response (�) and the potential scan rate. The results presented in
Fig. 3 probe the behavior of the coupling coefficient � at the different
scan rates of 2 mV/s, 5 mV/s and 10 mV/s. The response values at the
positive scan and negative scan show less hysteresis at smaller scan

Figure 2. a) Current response signal and electrode potential in the time (t) domain during the capacitive charging/discharging processes of 0.4∼1.0 V at a potential
scan rate v = 10 mV/s, and applied strain frequency f = 20 Hz. Note that the cyan solid curve in a) is the conventional current obtained without applying a
mechanical strain on the electrode surface. b) Oscilloscope traces of the current variation and in situ strain signal at the constant potential of 0.6 V, for the strain
frequency f = 2 Hz. c) Results of the current variation in response to a sinusoidal strain (∼20 Hz), �I/�ɛ, obtained using two strategies, namely, the calculation
from the peak-to-peak magnitude of the current variation observed for the CV results (�), and the direct measurement using the lock-in technique (–). The phase
shift of the current variation relative to the applied strain signal obtained using the lock-in technique is also shown on the right axis of Fig. 2c. Working electrolyte:
10 mM H2SO4. d) The stable value of � is detected by lock-in amplifier in the time domain at different constant potentials (f = 20 Hz).
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Figure 3. a) Current-strain response �(E) for Au thin film electrode at the
different scan rates of 2 mV/s, 5 mV/s and 10 mV/s. Strain frequency of 20 Hz.
b) Real (Re.) and imaginary (Im.) components of �(E) at different cyclic strain
frequencies of 20 Hz (navy), 40 Hz (red) and 80 Hz (blue).

rates, whereas the amplitude of � is almost independent on the scan
rate.

Since a phase shift of the current response signal is related to the
applied strain signal (Fig. 2c), the coupling coefficient, �, contains
real and imaginary components. We are more interested in the real
and imaginary components than on the magnitude and phase because
the real and imaginary components can be linked more naturally to the
sign inversions. Fig. 3b shows these real and imaginary components of
�(E) at different strain frequencies of 20, 40 and 80 Hz. Throughout
the entire potential interval, it is observed that the graphs of �(E) for
different strain states exhibit qualitatively identical features. Never-
theless, the graphs are significantly shifted relative to each other along
the ordinate. The real component amplitude increases with increasing
strain frequency, whereas the value of imaginary component decreases
as the frequency increases. As some of the most important features, the

real and imaginary components are systematically set to an identical
positive sign within the entire potential range of the capacitive process.
The positive value of �(E) means that a tensile strain can enhance the
capacitive current when the potential is swept in the positive direction
(charging process), whereas the positive value of �, in the negative
direction of the potential sweep, has the opposite physical meaning
for restricting the discharging process.

Toward the modeling of the capacitive process at the strained elec-
trode surface, a systematic study on the strain frequency dependence
of � as shown in Fig. 4a and reveals this trend in Fig. 3b to be repro-
ducible when the frequency is scanned from 0.6 Hz to 100 Hz at E =
0.6 V. This potential was chosen because it is close to the maximum
value of �(E). Fig. 4a plots the real and imaginary components of the
coupling parameter (�) as a function of the applied strain frequencies.
Both real and imaginary components approach zero in the low strain
frequency region. The value of the real component increases with in-
creasing strain frequency and reaches saturation above the frequency
of 60 Hz. The imaginary component reaches a maximum value close
to the strain frequency of 15 Hz. Additionally, the magnitude and the
phase shift of � are plotted in Fig. 4b. It is observed that the magnitude
reaches saturation when the frequency of the above 60 Hz amplitude.
The phase shift deceases from 80° to 10° with increasing frequency.

Discussion

In this study, we constructed an equivalent electrical circuit to fur-
ther understand the current-strain response at the metal-electrolyte
interface. The equivalent circuit is shown in the inset of Fig. 4a. In
the simplest case, we did not include the losses associated with the
charge transfer, and the system behaves as the perfect capacitor be-
cause the faradaic processes are excluded and the metal-electrolyte
interface charges capacitively:

The excitation is achieved by the time- (t-) dependent strain in a
sinusoidal form with an angular frequency (ω = 2πf), ε = ε̂ sin(ωt ),
where the hatted quantity is the strain amplitude. For the simplest
case where the electrode potential reacts immediately to the strain, the
potential response is given by:22

E (t ) = E0 + ςε̂ sin (ωt ) ,

where ς is the potential-strain coupling coefficient defined as ς =
dE/dɛ|q7,19–22 and E0 is the conventional variable found without apply-
ing the mechanical strain. We then included the source of the elastic
strain driven potential variation in the model via �E (t ) = ςε̂ sin(ωt ).
The current modulation by the elastic strain with a phase shift (ϕ)
induced by the metal-electrolyte interface can be then written as

I (t ) = I0 + |�| ε̂ sin (ωt + ϕ)
= I0 + �re ε̂ sin (ωt ) + �im ε̂ cos(ωt)

where �re and �im are the real and imaginary components, respec-
tively.

Figure 4. Current-strain coupling coefficient, �, plotted as a function of strain frequency, f, at the potential E = 0.6 V in the form of: a) real and imaginary
components; b) magnitude and phase components. The equivalent electrical circuit for modeling the metal-electrolyte interface is shown in the inset of a). The
solid curves in a) and b) were obtained from the simulation by the equivalent circuit c) The potential-strain coupling coefficient, ς, is plotted with frequency at the
potential E = 0.6 V. Electrolyte: 10 mM H2SO4.
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The circuit is readily analyzed for the potential variation �E(t)
using Kirchhoff’s circuit laws. The solution can be parameterized us-
ing the coefficient of the potential-strain response ς, the capacitance
of double layer C and the reciprocal of time constant ω1 = 1/RC.
The solution of the equivalent electrical circuit for current modulation
induced by strain is expressed by⎧⎪⎪⎪⎨

⎪⎪⎪⎩

�re = −Cςω2ω1

ω2 + ω2
1

�im = − Cςωω2
1

ω2 + ω2
1

. Or equivalently,

⎧⎪⎪⎨
⎪⎪⎩

|�| = Cςωω1√
ω2 + ω2

1

ϕ = arctan
ω1

ω

The model was found to be in a good agreement with the experi-
ment at the constant electrode potential, E = 0.6 V. The best fit that is
displayed as the solid lines in Figs. 4a and 4b has ς = −1.24 ± 0.06 V,
C = 86 ± 2 μF and ω1 = 73 ± 6 s−1. The expression for the imag-
inary component, �im, indicates that the maximum response value is
−Cςω1 for ω = ω1, explaining well the experimental observation of
the imaginary part in Fig. 4a.

To further verify the our constructed circuit model, we used the
scheme of Dynamic Electro-Chemo-Mechanical Analysis described
in our previous reports to obtain the value of ς in this study.7 Fig. 4c
represents the dependence of ς on the cyclic strain frequency (f) at the
identical conditions in measurement of � (e.g. 10 mM H2SO4 elec-
trolyte and the constant potential of 0.6 V). Inspection of Fig. 4c shows
that the magnitude of ς increases slightly with f, apparently saturating
above 1 Hz. This trend is in agreement with previous reports.7 The sat-
urated value of ς is approximately −1.29 ± 0.07 V. The independent
experiment for this value of ς obtained at E = 0.6 V then supports the
correctness of our equivalent circuit model.

We now discuss the implications of this observation for the strain
response of the charge in the capacitive regime, which is of interest for
the field of electrochemical energy storage. Using a similar definition
to that of the current-strain response, the expression for the charge-
strain response can be written as

Q = Q0 + �ε̂ sin(ωt + φ)
= Q0 + �re ε̂ sin(ωt ) + �im ε̂ cos(ωt ),

where the parameter � is defined as the response of the charge to the
applied strain (� = dQ

dε
|E ). Furthermore, based on the well-known

relation of current and charge, we can obtain the variation of charge
induced by the sinusoidal strain:

Q (t ) =
∫

I (t )dt =
∫

[I0 + �ε̂ sin (ωt + ϕ)]dt

= Q0−�re ε̂

ω
cos (ωt ) + �im ε̂

ω
sin (ωt ) .

Then, we obtain the following mathematical expressions for the
charge-strain coupling:⎧⎪⎪⎪⎨

⎪⎪⎪⎩

�re = �im

ω
= − Cςω2

1

ω2 + ω2
1

�im = −�re

ω
= Cςωω1

ω2 + ω2
1

.

Or equivalently,

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

|�| = Cςω1√
ω2 + ω2

1

φ = arctan

(
− ω

ω1

) .

The charge-strain response calculated from the current-strain re-
sponse is plotted as a function of the strain frequency in Fig. 5. We
obtain the main features of the charge-strain response from the above
mathematical expressions of the real and imaginary components of �
as follows:

1) Since ς is negative during the electrochemical capacitive process,
the imaginary component of the charge-strain response, �im, ex-

Figure 5. Charge-strain response calculated from the experimental data (scat-
tered points) and the circuit model (solid lines) of the current-strain response
in Figure 4a.

hibits a minimum value 0 > �im ≥ Cς

2 ; and equality is satisfied
only when ω = ω1.

2) When the angular frequency of mechanical strain is consider-
ably higher than the reciprocal of the time constant of the metal-
electrolyte interface (ω » ω1):⎧⎨

⎩
lim

ω1
ω →0(ω→∞)

�re = 0

lim
ω1
ω →0(ω→∞)

�im = 0 .

3) When the angular frequency of mechanical strain is much lower
than the reciprocal of the time constant of the metal-electrolyte
interface (ω « ω1): ⎧⎨

⎩
lim

ω
ω1

→0(ω→0)
�re = −Cς

lim
ω
ω1

→0(ω→0)
�im = 0 .

It is observed that the charge at the electrode surface is indeed
enhanced by tensile static strain where the strain frequency could be
considered to be zero because the coupling coefficient � has the same
positive sign as the conventional charge. These data imply that by con-
trolling the external strain with a mechanical method on the electrode
surface, one can obtain a faster charging rate or slower discharging
rate covering the most important range of the electric double layer.

Conclusions

Let us summarize our argument: the coupling between the capac-
itive current and mechanical strain that is a significant factor in the
metal-electrolyte interface during the surface charging/discharging
process can be measured by the mechanical deformation of solid bod-
ies when charged in the electrolyte. Due to the presence of capacitor
behavior at the metal-electrolyte interface, the strain-induced current
variation depends strongly on the applied strain frequency and also
depends on the electrode potential. A simple equivalent circuit was
used to explain the special interface where the electrode surface is
strained. The key finding in this study is that the tensile strain can
enhance the capacitive current while charging the electrode surface,
whereas the tensile strain has the opposite effect to inhibit the dis-
charging process. This finding implies that the charging rate can be
adjusted by the mechanical method. Based on the experimental results
and the model analysis, the relationship between the surface charge
and the applied strain was explored in order to study and understand
the strain-dependence of the electrochemical processes. By control-
ling the surface strain states, e.g., tensile or compressive amplitude,
the conventional electrochemical charging/discharging processes can
be further enhanced.
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