
7072 | Phys. Chem. Chem. Phys., 2017, 19, 7072--7077 This journal is© the Owner Societies 2017

Cite this:Phys.Chem.Chem.Phys.,

2017, 19, 7072

Analysis of charging-induced structural damage
in electrochemical systems

Fuqian Yang

Electrochemical charging of an electrochemical system results in Maxwell stress and a variation in the

surface energy of the electrode. The charging-induced variation in the surface energy of the electrode

and Maxwell stress introduce mechanical deformation and create stresses in the electrode. To relax the

strain energy stored in the electrode, surface cracking and buckling can occur. Under the condition that

the charging-induced change in the surface energy is the dominant factor controlling the in-plane

deformation of a planar electrode, i.e. the bonding between the adsorbate and the substrate is weak, the

variation in the surface energy of the electrode can be described by the Lippmann equation. Using

the Lippmann equation, both the surface charge density on the electrode and the surface energy of the

electrode are formulated as a function of the electrode potential. Analytical relations between the

critical electrode potential and average damage size have been obtained for the charging-induced

cracking and buckling in a planar, thin-film electrode. The results show that surface cracking will prevail

over local buckling in accordance with experimental observations. Both critical electrode potentials are

inversely proportional to the square root of the magnitude of the differential capacity of the electrical

double layer at the electrode potential of zero charge.

1. Introduction

Electrochemical supercapacitors represent a class of energy-storage
devices that convert electric energy into chemical energy in the
form of an electrical double layer at the electrode–electrolyte inter-
face. Most of the electrochemical supercapacitors are based on
activated carbon as an electrode with a liquid electrolyte supported
in a porous matrix (separator),1 which is sandwiched between the
electrodes. In general, it is assumed that there are no chemical
changes and phase changes taking place within the electrodes or
electrolyte during electrochemical charging and discharging,2

which involve the motion of ions, i.e. ionic current, into and out
of the electrodes.

It has been reported that carbon-based electrodes experienced
volumetric changes during charging and discharging in both
aqueous electrolyte solutions3–5 and ionic liquids.6–9 As suggested
by Hahn,6 there are three possible mechanisms associated
with the charging-induced dimensional change: (1) ion inter-
calation,6–11 (2) electron/hole injection,12,13 and (3) charge-
regulated surface tension of the electrodes.3–5 The dimensional
change induced by ion intercalation is generally controlled by
the size difference between the molecule/atom of the host
material and the solute molecule/atom or the size difference
between the vacant site (interstitial site or lattice site) and the

solute molecule/atom; the dimensional change induced by
electron/hole injection is dependent on the bond-length change
associated with the charge transfer. The dimensional change
induced by the charge-regulated surface tension of the electrode
is due to the deformation dependence of materials on surface
tension/stress.14–17

There are reports on the deformation of the electrode
associated with the charge-regulated surface tension of the
electrode. Beck18 developed an extensometer to measure the
variation in the surface tension/energy of an Au ribbon with an
electric potential in 0.1 M KCl solution. Ibach et al.19 used an
electrochemical STM (scanning tunneling microscope) to examine
the bending of crystal plates for determining the potential-induced
interface stress on Au(111) and Au(100) in 0.1 M HClO4 and
suggested that the Lippmann equation20,21 has little bearing on
the potential-induced interface stress at the solid–liquid interface.
Raiteri and Butt22 used the AFM (atomic force microscopy) canti-
levers to measure surface-stress curves for gold and platinum from
potential-induced bending of the cantilevers in aqueous electrolyte
solutions. Bachmann and Miklavcic23 analyzed the deformation of
fluid interfaces by electrical double-layer forces. Kramer et al.24

constructed a double layer structure consisting of an Au layer and
an Au nanoporous layer and observed the tip displacements of
several millimeters induced by the electrochemical potential in
aqueous electrolytes. Haiss25 has reviewed the adsorbate-induced
changes in the surface stress tensor from cantilever bending
experiments, and discussed the linear relation between surface
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stress and surface charge at the metal–electrolyte interface. All
these have demonstrated the important role of the charge-
regulated surface tension of the electrode in determining the
dimensional change of the electrodes in electrochemical super-
capacitors. Note that Haiss25 pointed out that the terms associated
with electrostriction are negligible and the thermodynamic analysis
of solid electrodes with the focus on the surface energy can follow
the same approach as liquid electrodes under normal experimental
conditions.

While analyzing the nonlinear response of a metal surface to
charging in interfacial electrochemistry, Feldman et al.26 used an
electromechanical model, which consists of a capacitor made of
two plates with a plate linked to a spring, to analyze the interfacial
relaxation in a metal/surface inactive electrolyte system. Using
the same electromechanical model with a parallel capacitor as
an electrical double layer, Partenskii and Jordan27 analyzed the
stability of charged interfaces under the control of charge
density. Both analyses did not consider any structural damage
potentially presented in the electrodes due to the variation in
the surface energy induced by charging. Recognizing the possible
effect of the charging-induced deformation on the structural
durability of electrochemical supercapacitors, the strain energy
due to the variation in the surface energy induced by charging
is first incorporated in the analysis of a charged interface. The
structural damage including surface cracking and buckling
induced by the charge-regulated surface energy is then analyzed.

2. Physical model

The variation in the surface energy of a charged electrode in an
electrolyte solution can be described by the electrocapillarity
equation for an elastically stretched solid electrode28 as

@g
@E

¼ �rþ ðg� gÞ de
dE

(1)

for constant pressure, temperature and chemical potential.
Here, g is the surface energy of the electrode, whose properties
are identical before and after the formation of a new surface,
r is the surface charge density, E is the electrode potential, g is
the surface stress, and e is the surface strain. Note that the
surface charge density is due to the formation of an electrical
double layer near the charged electrode. The second term in
eqn (1) is related to electrostrictive effect25,28 and it has been
suggested that the contribution of the electrostrictive effect is
negligible. Note that the surface stress can also be related to the
deformation-induced formation of new surfaces.29 In general,
the change in the surface stress induced by adsorption will
introduce the effects of charge transfer in electrolytes30 and is
dependent on the bonding strength between the adsorbate and
the substrate (electrode). Recently, the slip boundary condition
has been extensively used in the analysis of electro-osmotic
flow.31–33 This trend likely suggests the weak bonding between
the adsorbate and the substrate. For the weak bonding between
the adsorbate and the substrate, such as a gold electrode in
deaerated 1.0 mol dm3 NaClO4 solution without iodide ions,34,35

the adsorbate-induced change in surface stress becomes negligible,

and g E g. Under such a condition or the negligible effect of
electrostriction, eqn (1) reduces to

@g
@E

¼ �r (2)

From eqn (2), the differential capacity of the electrical double
layer, Cd, can be calculated as36

Cd ¼ �@r
@E

¼ @2g
@E2

(3)

and the integral capacity of the electrical double layer, Ci, as
36

Ci ¼ �r
E
¼ 1

E

@g
@E

(4)

It is evident that r = 0 at E = 0, which corresponds to the
electrode potential of zero charge, Epzc. Under the condition of
constant composition, eqn (3) gives

g ¼ g0 þ
ðE
0

dE0
ðE0

0

CdðUÞdU (5)

where g0 is the surface energy of the electrode at E = 0. The
Taylor series expansion of Cd around E = 0 is

Cd|E=0 = C0 + C1E + O(E2) (6)

with C0 = Cd(0) and C1 = qCd(0)/qE. Substituting eqn (6) in
eqn (5) yields

g ¼ g0 þ
1

2
C0E

2 þO E3
� �

(7)

which reveals the field dependence of the surface energy of the
electrode immersed in an electrolyte solution under the action
of an electric field. Note that the sign of the quadratic term is
different from that in the Lippmann equation20 due to the use
of eqn (3).

From eqn (1) and (7), the variation in the surface charge
density with the electrode potential is found as

r ¼ �@g
@E

¼ �C0E þO E2
� �

(8)

For a planar electrode in the form of a thin film of thickness h,
as shown in Fig. 1, which has been extensively used in electro-
chemical supercapacitors and lithium-ion batteries, the charging-
induced change in the surface energy will introduce in-plane
deformation of the electrode, resulting in the evolution of in-plane
stress due to the confinement of the substrate to the deformation of
the electrode. Note that there also exists the adsorbate-induced
change in surface stress, which can also cause the in-plane deforma-
tion of the electrode. As discussed above, the adsorbate-induced
change in surface stress becomes negligible for the weak bonding
between the adsorbate and the substrate. The present analysis is
based on the condition that the charging-induced change in the
surface energy is the dominant factor controlling the in-plane
deformation of the electrode, i.e. the bonding between the adsorbate
and the substrate is weak.

Assume that the planar electrode is supported by a stiff
substrate, which confines the in-plane deformation of the
electrode. The strain energy density, US, which is associated
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with the charging-induced change of the surface energy, can be
calculated as

US ¼ 1� n
2Y

g� g0
h

� �2
� 1� n

8Y

C0
2E4

h2
(9)

with Y and n being the Young’s modulus and Poisson’s ratio of
the electrode film, respectively.

It is known that the surface of an electrode with a surface charge
density of r experiences normal Maxwell stress, sMaxwell, as

sMaxwell ¼ 1

2

r2

e
(10)

with e being the dielectric constant of the electrolyte under the action
of the electrostatic field. Substituting eqn (8) in eqn (10) yields

sMaxwell � C0
2E2

2e
þO E4

� �
(11)

The strain energy density associated with the deformation
induced by the normal Maxwell stress, UM, is

UM ¼ 1

2

sMaxwell
2

Y
� 1

8

C0
4E4

Ye2
(12)

According to eqn (9) and (12), it is evident that both the strain
energies are proportional to the square of C0

2 and the fourth
power of the electrode potential. However, the strain energy
density associated with the charging-induced change in the
surface energy, which is directly associated with the in-plane
deformation of the electrode, is inversely proportional to the
square of the film thickness and plays an important role in
controlling the structural durability of the planar electrode.
Thus, the deformation induced by the normal Maxwell stress

plays a negligible role in the structural durability of the planar
electrode associated with the in-plane deformation, which is
analyzed in the following section.

3. Results and discussion

From eqn (7), one can note that electric charging can lead to the
increase or decrease of the surface energy of a charged electrode
in an electrolyte solution, depending on the sign of C0. For
positive C0, electric charging leads to the increase of the surface
energy, and the electrode experiences compression; for negative
C0, electric charging leads to the decrease of the surface energy,
and the electrode experiences tension.

Surface cracking

As discussed above, the stress state of an electrode film is
tensile if electric charging leads to the decrease of the surface
energy. Subjected to tensile stress, surface cracking with the
creation of two new surfaces can occur to release the stress
(strain energy) introduced by electric charging. Assume that the
charging-induced cracking is a slow process and leads to the
formation of an array of parallel-through-thickness, straight
cracks with an average distance of lc between them. The decrease
of the total energy due to the formation of an array of parallel-
through-thickness, straight cracks requires

lchUS Z 2hg1 (13)

with g1 being the surface energy of the electrode film without
any intimate contact with the electrolyte. Substituting eqn (9) in
eqn (13) yields

Fig. 1 Schematic diagram showing the structural damage caused by charging-induced change in the surface energy of an electrode film under the
condition of weak bonding between the adsorbate and the substrate (s0: stress).
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E � 2
Y

1� n
g1
lc

h2

C0
2

� �1=4

(14)

which gives the critical electrode potential for the formation of
surface cracks, Ecr, as

Ecr ¼ 2
Y

1� n
g1
lc

h2

C0
2

� �1=4

(15)

The critical electrode potential is proportional to the square
root of the film thickness and is inversely proportional to one
fourth of the average distance between surface cracks. A large
electrode potential will create dense surface cracks, which can
readily cause structural damage to the electrode film during
electric charging.

Surface buckling

It is known that the compressive stress acting on an elastic film
can cause local buckling of the elastic film when the compressive
stress in an elastic film reaches a critical stress.37 Under the action
that electric charging leads to the increase of the surface energy,
the stress state of an electrode film is compressive, and local
buckling can occur to release the stress (strain energy) introduced
by electric charging and lead to the formation of two new surfaces
from the film–substrate interface. From the principle of energy,
the condition for the formation of the charging-induced buckling
of an electrode film in a plate shape of size ld is

ldhUS Z ldDg + ldhUB (16)

with the Dupré constant of Dg as

Dg = g1 + g2 � g12 (17)

Here, g2 is the surface energy of the substrate and g12 is the
interface energy for the film–substrate interface. The second
term on the right side of (16) is the strain energy stored in the
buckled plate after the delamination and buckling. The para-
meter of UB is calculated from the result given by Gill and Rau38

from the plate theory as

UB ¼ p2

24

h

ld

� �2
Yexx
1� n2

¼ p2

24

1

1� n2
h

ld

� �2 g� g0
h

� �

¼ p2

24

1

1� n2
h

ld

� �2
C0E

2

h

� � (18)

with exx being the in-plane strain induced by the charging-
induced variation in the surface energy of the electrode. By
substituting eqn (9) and (18) in eqn (16), one obtains

E4 � 8YhDg
C0

2ð1� nÞ þ
p2

3

h

ld

� �2
hY

C0ð1� nÞ
E2

1� n2
(19)

which gives

E2 � p2

6

h

ld

� �2
hY

C0ð1� nÞ
1

1� n2

þ 1

C0

p2

6

h

ld

� �2
hY

ð1� nÞ
1

1� n2

 !2

þ8YhDg
1� n

2
4

3
5
1=2 (20)

From eqn (20), the critical electrode potential for the initiation
of the charging-induced buckling, E(b)cr , is found as

EðbÞ
cr

� �2
¼ p2

6

h

ld

� �2
hY

C0ð1� nÞ
1

1� n2

þ 1

C0

p2

6

h

ld

� �2
hY

ð1� nÞ
1

1� n2

 !2

þ8YhDg
1� n

2
4

3
5
1=2

(21)

The critical electrode potential is a function of the film thickness
and the reciprocal of the delamination size. A large electrode
potential is needed to cause local buckling/delamination of thick
films with small delamination sizes. It is easy to introduce local
delamination in planar electrodes of small thickness during
electric charging. For Dg = 0, eqn (21) gives

EðbÞ
cr

� �2
¼ p2

3

h

ld

� �2
hY

C0ð1� nÞ
1

1� n2
(22)

The critical electrode potential is proportional to the 3/2
power of the film thickness and inversely proportional to the
delamination size.

It is worth mentioning that the above buckling analysis is
based on that the surface of the film is smooth, as widely used
in the mechanics of materials. For non-smooth surfaces with
steps and multiple facets, one can follow the approach used by
Müller et al.39 in analyzing the discontinuities of surface stress
on facetted surfaces to take into account the effects of facetted
surfaces on the critical electrode potential.

According to eqn (15) and (21), both critical electrode
potentials are inversely proportional to the square root of
|C0|, the magnitude of the differential capacity of the electrical
double layer at E = 0. The differential capacity of the electrical
double layer at E = 0 plays an important role in determining the
critical electrode potentials controlling the mechanical degra-
dation of the planar electrodes. It is worth pointing out that
eqn (15) and (21) can also be used to measure the surface/
interface energy from the charging-induced surface cracking or
buckling.

It needs to be pointed out that the above analysis is based on
the condition that the charging-induced change in the surface
energy is the dominant factor controlling the in-plane deforma-
tion of the electrode, i.e. the bonding between the adsorbate
and the substrate is weak. When the adsorbate-induced change
in surface stress is not negligible, one needs to incorporate the
contribution of the adsorbate-induced change in surface stress
in the analysis of the structural damage of the electrode used in
electrochemical supercapacitors and lithium-ion batteries.

Numerical calculations

Currently, most electrodes used in electrochemical supercapa-
citors are based on carbon-derived materials. Here, we consider
a graphite-based electrode of 100 nm, which is coated on the
surface of a cast iron (current collector) with an incoherent
interface. For simplification, the graphite-based electrode is
assumed to be isotropic and homogeneous. The elastic constants
of graphite are Y = 15.7 GPa and n = 0.23.40 The surface energies
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of graphite and cast iron are 0.165 J m�2 41 and 2.40 J m�2,19

respectively. There are no data available for the interface energy
of the planar C/Fe interface. The average value of the surface
energy of graphite and the surface energy of cast iron is used as
the interface energy of the C/Fe interface, i.e. g12 = 1.28 J m�2, as
an approximation.

Fig. 2 shows the dependence of the critical electrode potential
on the average damage size of l (i.e. lc or ld). The critical electrode
potential decreases nonlinearly with the increase of the average
damage size. A small electrode potential will introduce less
structural damage into the electrode than a large electrode
potential. For the storage of the same energy, one needs to make
compromise between the charging rate and the lifetime of
electrochemical systems in order to limit any catastrophic,
structural damage occurring during electrochemical cycling.

From Fig. 2, one can note that the critical electrode potential
for the buckling/delamination approaches constant when the
average damage size approaches infinity, i.e. there exists the
smallest critical electrode potential below which no buckling/
delamination will occur if there are no external loading and
structural defects/degradation introduced by chemical reaction
and processing. Letting ld - N in eqn (21), one obtains the
smallest critical electrode potential, Min(E(b)cr ), as

Min EðbÞ
cr

� �
¼ 1

C0
1=2

8YhDg
1� n

� 	1=4
(23)

which is proportional to the 1/4 power of the film thickness of
the planar electrode and the Dupré constant.

According to Fig. 2, a smaller electrode potential is needed
for surface cracking than that for surface buckling/delamination.
This trend suggests that charging-induced surface cracking likely
is a dominant factor for structural degradation of the electrode
used in electrochemical systems. The observation of the surface
cracking of films during electrochemical cycling for electro-
chemical supercapacitors42–44 supports this result. As reported
by Haiss,25 extremely high anodic potentials caused the loss of
the adhesion of the gold film deposited on glass cantilevers with

a thin chromium film 2 nm in thickness between the gold film
and the glass cantilevers for better adhesion. His result indirectly
supports that a larger electrode potential is needed for surface
buckling/delamination than for surface cracking.

Fig. 3 shows the variation in the critical electrode potential
with the film thickness for various buckling sizes due to the
charging-induced change in the surface energy of the planar
electrode. The critical electrode potential increases with the
increase of the film thickness for the same buckling/delamination
size. A larger driving force is needed to produce the buckling/
delamination of the same size in a thicker film. For thin films, local
buckling/delamination leads to the release of most strain energy in
the films through surface energy associated with the formation of
new surfaces. For thick films, the formation of new surfaces cannot
accommodate the strain energy stored in the films, and local
buckling occurs to reduce the in-plane stress in the films. Electrodes
made from ultrathin films have higher electrochemical durability
than those made from thick films and should be used in electro-
chemical systems if structural durability is a major concern.

From eqn (15) and (21), one can note that the critical
electrode potentials are dependent on Yh. It is known that the
mechanical properties of low-dimensional structures are size-
dependent. It is of practical importance to explore the size-
dependence of the mechanical properties of low-dimensional
structures in electrochemical environments.

4. Conclusions

The energy principle has played significant roles in the devel-
opment of different disciplines, including thermodynamics,
electrochemistry, and mechanics. It has become a useful tool in
solving the problems of multi-fields. The effect of the interaction
between an electric field and mechanical deformation in an
electrochemical environment on structural degradation of the
electrode and electrochemical systems cannot be simply described
by a limiting process at the macroscopic level. The energy principle
provides the foundation, i.e. the reduction of system energy, for theFig. 2 Dependence of the critical electrode potential on average damage size.

Fig. 3 Variation in the critical electrode potential with the film thickness
for various buckling sizes.
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development of the criterion in the analysis of the cracking and
buckling behavior ofmaterials due to the charging-induced variation
in the surface energy of the electrode in electrochemical systems.

The work presented here has attempted to bring out the
potential importance of the charging-induced deformation in the
evolution of the structural degradation of the electrode during
electrochemical cycling. Simple models have been developed to
calculate the strain energies stored in a planar electrode on a rigid
substrate (current collector) from the charging-induced variation in
the surface energy of the electrode and Maxwell stress. The result
reveals that the strain energy density associatedwith the deformation
induced by the Maxwell stress is independent of the film thickness,
and the strain energy density associated with the charging-induced
change in the surface energy is inversely proportional to the square
of the film thickness. For the surface cracking, the critical electrode
potential is proportional to the square root of the film thickness and
is inversely proportional to one fourth of the average distance
between surface cracks. For the local buckling/delamination, the
critical electrode potential is a function of the film thickness and the
reciprocal of the delamination size. There exists the smallest critical
electrode potential, below which no buckling/delamination will
occur if there are no external loading and structural defects/degrada-
tion introduced by chemical reaction and processing. Both critical
electrode potentials are inversely proportional to the square root of
|C0|, the magnitude of the differential capacity of the electrical
double layer at E = 0.
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12 L. Pietronero and S. Strässler, Phys. Rev. Lett., 1981, 47, 593.
13 C. T. Chan, W. A. Kamitakahara, K. Ho and P. C. Eklund,

Phys. Rev. Lett., 1987, 58, 1528–1531.
14 F. Q. Yang, J. Appl. Phys., 2004, 95, 3516–3520.
15 C. C. Lin, F. Q. Yang and S. Lee, Langmuir, 2008, 24,

13627–13631.
16 R. Shuttleworth, Proc. Phys. Soc., London, Sect. A, 1950, 63,

444–457.
17 S. Cuenot, C. Frétigny, S. Demoustier-Champagne and B. Nysten,

Phys. Rev. B: Condens. Matter Mater. Phys., 2004, 69, 165410.
18 T. R. Beck, J. Phys. Chem., 1969, 73, 466–468.
19 H. Ibach, C. E. Bach, M. Giesen and A. Grossmann, Surf. Sci.,

1997, 375, 107–119.
20 G. Lippmann, Ann. Chim. Phys., 1875, 5, 494–549.
21 Y. Zhao, Physical Mechanics of Surfaces and Interfaces, Science

Press, Beijing, 2012.
22 R. Raiteri and H.-J. Butt, J. Phys. Chem., 1995, 99, 15728–15732.
23 D. J. Bachmann and S. Miklavcic, Langmuir, 1996, 12, 4197–4204.
24 D. Kramer, R. N. Viswanath and J. Weissmüller, Nano Lett.,

2004, 4, 793–796.
25 W. Haiss, Rep. Prog. Phys., 2001, 64, 591–648.
26 V. Feldman, M. Partenskii and A. Kornyshev, J. Electroanal.

Chem. Interfacial Electrochem., 1987, 237, 1–11.
27 M. B. Partenskii and P. C. Jordan, Phys. Rev. E: Stat., Nonlinear,

Soft Matter Phys., 2009, 80, 011112.
28 W. Haiss, R. J. Nichols, J. K. Sass and K. P. Charle, J. Electroanal.

Chem., 1998, 452, 199–202.
29 C.-C. Lin, F. Q. Yang and S. Lee, Langmuir, 2008, 24,

13627–13631.
30 J. Proost, J. Solid State Electrochem., 2005, 9, 660–664.
31 T. J. Craven, J. M. Rees and W. B. Zimmerman, Phys. Fluids,

2008, 20, 043603.
32 Q. Sun, Y. Wu, L. Liu and B. Wiwatanapataphee, Abstr. Appl.

Anal., 2014, 2014, 789147.
33 M.-C. Audry, A. Piednoir, P. Joseph and E. Charlaix, Faraday

Discuss., 2010, 146, 113–124.
34 M. Seo and K. Ueno, J. Electrochem. Soc., 1996, 143, 899–904.
35 K. Ueno and M. Seo, J. Electrochem. Soc., 1999, 146, 1496–1499.
36 D. C. Grahame, Chem. Rev., 1947, 41, 441–501.
37 S. P. Timoshenko and J. M. Gere, Theory of elastic stability,

Courier Corporation, 2009.
38 G. Gille and B. Rau, Thin Solid Films, 1984, 120, 109–121.
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