
A2152 Journal of The Electrochemical Society, 162 (10) A2152-A2156 (2015)
0013-4651/2015/162(10)/A2152/5/$33.00 © The Electrochemical Society

Asymmetric Electrode for Suppressing Cell Swelling
in Commercial Lithium Ion Batteries
Ningxin Zhang,a,z Huaqiong Tang,b Lisi Zhang,b and Atanaska Trifonovaa

aElectric Drive Technologies, Mobility Department, Austrian Institute of Technology, 1210 Vienna, Austria
bAmperex Technology Limited, Ningde City, Fujian Province 352100, People’s Republic of China

Swelling is an inevitable phenomenon in intercalation type anodes such as graphite due to the expansion of its crystalline lattice
during lithiation. The stress accumulation due to anode swelling upon cycling would lead to the deterioration of discharging capacities
as well as cell thickening in commercial lithium ion batteries. To suppress cell thickening, a novel asymmetric electrode is designed,
so that the electrode thicknesses on the opposite sides of the current collector differ from each other. A series of thickness ratios
(1.00, 1.05, 1.10 and 1.15) was prepared, and the thicker side of the anode film was wound inwardly. Upon cycle testing, the group
with a thickness ratio of 1.05 showed the highest consistency in capacity retention ratio and the least swelling. This is ascribed to
the asymmetric electrode configuration, which directs compressive force inward, thereby tightening the jelly-roll.
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Anode swelling in lithium ion batteries is a usual phenomenon
for intercalation type anodes such as graphite, where the intercala-
tion of Li ions into the graphite lattice induces micro stress within
the graphite particles due to lattice expansion.1–5 The volumetric ex-
pansion of the individual particles in the anode film leads to the
generation of internal stress within the anode film. This has a deci-
sive influence on the electrochemical properties since accumulated
mechanical stress will cause micro-cracks in the anode film, result-
ing in capacity fading during cycling. This phenomenon is especially
destructive in Si powder anodes. Despite its high theoretical capacity
of ∼4200 mAh/g, the massive volumetric expansion of Si upon the
formation of LixSi alloys and its subsequent pulverization currently
limit its application as a pure anode material in commercial lithium
ion batteries.6,7

Since the anode film is composed of a plethora of randomly aligned
active material particles, its overall thickening effect as well as the
thickness increase of the whole pouch cell is difficult to predict and cal-
culate, and thus to control. The uncertainty of the thickness increase of
the anode film and its contribution to increased impedance and deteri-
orating capacity in individual commercial lithium ion batteries would
lead to a serious imbalance of the electrochemical properties (dis-
charging capacity, open circuit voltage (OCV), and cell impedance)
among cells grouped for high capacity and high power applications
such as EVs and large scale electric energy storages. This imbalance
in terms of impedance and OCV among grouped cells would lead to
inconsistency of charging and discharging processes in a battery mod-
ule or pack; cells with low OCV due to increased internal impedance
would be charged all the time, while those with higher OCV would
undergo discharging.

On the one hand, searching for strong binders for anode films to
suppress swelling is one of the hot topics for the development of next
generation Si anodes.8–12 On the other hand, in cylinder cells which
provide robust mechanical restraint the swelling of the jelly-roll can
be confined, which makes it possible to at least commercialize Si as
part of a mixed anode material.13 External pressure on pouch cells
has been confirmed to have a decisive influence on their aging and
fading behaviors,14,15 and has therefore been adopted to alleviate ca-
pacity deterioration during cycling. However, replicating the external,
mechanical restraint of cylinder cells in commercial pouch cells is a
massive challenge if one wants to avoid significant additional pack
weight and/ or structural complexity.

In this article, we present an innovative design of an asymmetric
electrode configuration to direct electrode swelling toward the center
of the cell instead of toward its casing.
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Mechanical Analysis

To understand the swelling mechanism of the anode films in
commercial lithium ion batteries, we have developed an on-spot
method to measure anode swelling as a function of electrochemi-
cal processes.16,17 With the method, an inert part on the anode film is
prepared through covering the corresponding part of the cathode film,
thus preventing any electrochemical process in that area. Through
this treatment, the influence of normal fluctuation in film thickness
caused by the manufacturing process can be separated better from the
change in thickness caused by the electrochemical processes. The re-
sults show that after a number of charging and discharging processes,
a residual strain (∼7.0%) was formed in the anode films, which could
not be attributed to their original thickness. The residual strain would
accumulate with the number of cycles.

In Fig. 1a, the thickness of the two individual films along the
current collector is equal, which is the current mainstream technology
in commercial lithium ion batteries

Fig. 1b shows an example of a periodic wave profile in a graphite
anode film disassembled from a commercial pouch cell. The anode
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Figure 1. Mechanical analysis of electrode film with (a) Symmetric configu-
ration (b) An example of a buckled anode film (c) Asymmetric configuration.
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film is fully charged, displaying a characteristic yellow color of LiC6.
A typical buckling phenomenon is observed in this graphite electrode
caused by in-plane stress. Due to the broken anode, the capacity of the
pouch cell decreased dramatically (data not shown here). According
to our experience from the disassembly of hundreds of pouch cells,
this buckling phenomenon of the anode film occurs predominantly on
the side facing the winding axis of the jelly-roll. A film under high
stress will be vulnerable to wrinkling when the edges of the film are
mechanically constrained.19 Fig. 1c shows an asymmetric electrode
configuration where the thicknesses of the two films along the current
collector differ from each other. As long as the cell is not designed
for high C-rate application or the thickness asymmetry is not large,
we assume that the strain due to lithiation is equal in both anode
films at any SOC since the same anode recipe and production process
were employed. Theoretically after certain electrochemical processes
a net stress could be created at the thicker side due to the confinement
of the two edges as shown in Fig. 1c. It was expected that when
the thicker side was wound inwardly, a compressive stress would be
created, pointing toward the center of the jelly-roll. This compressive
stress would help to tighten the jelly-roll structure. The higher the
stress resulting from the net anode swelling, the more intensive the
corresponding force to tighten the jelly-roll- partially suppressing both
the swelling of the anode film and the thickening of the jelly-roll.

Experimental

To implement the design of asymmetric electrodes in a commercial
pouch cell, we selected a LiCoO2-graphite system. The geometry of
the pouch cell was about 3.8mm in thickness, 3.4 cm in width and
9.5 cm in length, with a nominal capacity of 1500 mAh.

We designed four groups of cells with different ratios between
the 1st coating weight of the anode (side A) and the 2nd one (side
B), thus 1:1, 1.05:1, 1.10:1 and 1.15:1, among which the first group
mirrored the design of current commercial products and functioned
as the reference group. Although the ratio between the coating weight
(thicknesses) on side A and on side B varied in the electrode films,
the total coating weight per unit area on the double coated current
collector was kept unchanged in all groups. The coating weight of the
cathode films was adapted accordingly to keep the same cell balance
between the cathode and anode films. During the preparation of the
jelly-roll, side A was wound toward the winding axis as shown in
Fig. 1c. The injected amount of electrolyte was also kept the same as
that in the reference group. The processing parameters were the same
during the preparation of all pouch cell groups to enable comparison.

For each group, ∼100 pouch cells were assembled. To investigate
the influence of the asymmetric electrode configuration on the winding
structure of the pouch cells, one sample from each group was fixed
with epoxy after discharging to 3.0 V, cut, and polished mechanically.
The cross section of the Jelly-roll was observed via a digital optical
microscope (Olympus M500).

The other pouch cells were submitted for charging/discharging
measurement and cycling tests (0.7 C charge to 4.3 V/0.5 C discharge
to 3.0 V) at room temperature. The thickness of the pouch cells was
measured after a certain number of cycles. To monitor the thickness
increase of the anode film, pouch cells from the reference group were
disassembled in a dry room after a certain number of cycles, and the
thickness of the anode film in the middle layer of the jelly-roll was
measured.17

Results and Discussion

Table I lists the measured ratios of the coating weight between side
A and side B after drying and their deviation from the plan for the
different groups.

As shown in Table I, the deviation of the as-prepared electrode films
from the plan was smaller in the cathode films than in the anode films:
the maximum deviation for cathodes was 1.01% in group 2, while the
maximum deviation for anodes was 2.08% in group 1, which may be
due to the higher stability of the cathode slurry during the coating

Table I. Planned and measured values of the asymmetric electrode
films.

A/B

Designed Measured Deviation (%)

Cathode 1 1.00 0.993 −0.65
2 1.05 1.061 1.01
3 1.10 1.103 0.31
4 1.15 1.158 0.73

Anode 1 1.00 0.979 −2.08
2 1.05 1.036 −1.36
3 1.10 1.096 −0.40
4 1.15 1.143 −0.62

process. However, for reasons of simplicity the group classifications
were named according to the originally designed values, i.e. A/B ratios
of 1.00, 1.05, 1.10 and 1.15.

Microstructure of the Jelly-rolls.— Fig. 2 compares the cross sec-
tion view of the pouch cells after the first charge and discharge pro-
cesses; overviews of halved pouch cells were also added as insets in
each group. As seen in Fig. 2, there is no apparent difference in the
cross section view of the jelly-roll structure when the A/B ratio was
increased from 1.00 to 1.15. In Fig. 2, the lamination sequence of
anode/Cu/separator/cathode/Al can be clearly seen, although in some
cases the separator layer is almost invisible. The unevenness of the
anode thickness is observed in the case of A/B = 1.10 and marked
with a red rectangle where a thicker part is found at the smallest re-
ciprocal point, and a thinner part close to it is observed. Since those
parts were located in one continuous anode film and only differed by
∼100 μm, the differences cannot be attributed to the process fluc-
tuations of coating, drying and calendaring; instead they reflect an
intensive local constraint close to the edges of the jelly-roll which
suppressed the rebounding of the anode film.

Capacity.— Fig. 3 shows the box plot of the 1st discharging ca-
pacity under 0.1 C rate; all the groups reached the designed average
capacity of 1500 mAh at 25◦C. However, groups with A/B of 1.00 and
1.05 have smaller discharging capacities than those in the other two
groups with A/B of 1.10 and 1.15.The difference is limited to within
1% (15 mAh) of the designed discharging capacity.

The difference in the average discharging capacities in different
groups is most likely due to deviations of the coating weight ratios
between the cathode and anode films. As shown in Table I, the smaller

A/B=1.10 A/B=1.15

A/B=1.00 A/B=1.05

Figure 2. Cross-section views of the asymmetric pouch cells (the white scale
bar in each image is 200 μm, and the dark one for inside images is 2 mm).
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Figure 3. Boxplot of the average discharging capacity in different groups.

the mismatch between actual and designed A/B ratios, the higher
the capacity. The mismatch values in the pairs of the asymmetric
cathode and anode films are 1.43%, 2.36%, 0.7% and 1.35%. Those
values are in good agreement with the average discharging capacity of
1508.3, 1504.1, 1514.8 and 1513.2 mAh for the groups of A/B of 1.00,
1.05, 1.10 and 1.15. The difference in discharging capacities should
therefore not be ascribed to the dependence of the electrochemical
kinetics on the thickness of the electrode films.

Cycling performance.— Fig. 4 displays the retention performance
of the discharging capacity of 5 pouch cells from each group during
cycling (0.7 C charging/0.5 C discharging). As can be seen from the
capacity fading curves, there are some similar profiles in each group,
which could be attributed to the variations of the chamber temperature
during cycling tests.

Before the 100th cycle, all the cells show overlapping curves of
capacity retention, except for the group with A/B of 1.15. However,
after the 100th cycle, a difference is observed related to the consistency
of capacity retention ratio. The reference group with the A/B of 1.00
shows a broad range of capacity retention from 85% to 90% after
300 cycles. For the group with A/B of 1.05, the variation of capacity
retention ratio is confined to 89% to 90%. The other two groups have
a distribution range of capacity retention ratio between 87% and 90%.
These results indicate that the asymmetric electrode configuration
could help to suppress the inconsistency of capacity retention ratios
in grouped cells during cycling tests.

To illustrate the dependence of capacity retention ratios of the
pouch cells on the number of cycling tests, we use Coefficient of
Variation (COV) for data treatment. COV is expressed in percent
as the standard deviation of the capacity retention ratio divided
by the average capacity retention ratio. This parameter is usually
adopted for evaluating the static and dynamic consistency of the
specific parameters of pouch cells including discharging capacity,
impedance, and Open Circuit Voltage (OCV) during the cycling
tests. It serves as an important criterion for grouping cells, espe-
cially for Electric Vehicle (EV) and Electric Energy Storage (EES)
applications.
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Figure 4. Cycle fading within 3.0–4.3 V at 25◦C (0.7 C charging/0.5 C discharging).
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Figure 5. COV of the discharging capacity as a function of the cycling number.

The COV of capacity retention ratio as a function of the number
of cycling tests in different groups is compared in Fig. 5. All groups
showed that COVs increase with cycle numbers. While the reference
group has the highest COV of ∼2% at the 300th cycle, the group with
A/B of 1.05 has the lowest COV of ∼0.5% at the same cycle number.
Although the initial COV at the 100th cycle number is the highest
(∼0.5%) for the group with A/B of 1.15, its total COV is moderate
(∼0.75%) after 300 cycles.

The capacity fading in lithium ion batteries is usually attributed
to the decrease of electrolyte in the pouch cells from its consumption
due to the side reactions between electrolyte and electrodes during
charging/discharging processes.18 However, in commercial lithium
ion pouch cells it could be partially due to uneven distribution of
electrolyte. This would happen especially when spaces are formed by
buckling of the electrode films due to mechanical deformation of the
Jelly-roll structure, see Fig. 1b. Pooling of electrolyte in those spaces
would cause the relative paucity of electrolyte elsewhere in the pouch.
Since the amount of electrolyte in all pouch cells is the same, the
consumption of electrolyte during cycling should be similar for all
cell groups. Therefore, these groups’ different behaviors in capacity
fading can only be attributed to the difference in the relative decrease
of the electrolyte in the pouch cells with the asymmetric electrode
configuration, which will be discussed in the next section.

Swelling of the electrodes and the pouch cells.— Fig. 6 dis-
plays both the swelling of the anode films and the thickening of
the pouch cells as a function of the cycle numbers. In Fig. 6a, the
physical swelling and electrochemical swelling17 in the anode film
both increase with cycling, reaching 4% and 11% respectively at
the 100th cycle; the total swelling of the anode films is about 15%.
Fig. 6a also shows that the electrochemical swelling due to the charg-
ing/discharging process seems to stabilize at about 11%. Since its
driving force comes from the lithiation and de-lithiation process at the
crystalline lattice level, swelling could be calculated directly from the
crystalline lattice constant of LiC6 against that of the graphite- and the
result would agree with our experimental data. The physical swelling
seems to increase quickly with cycling numbers. This result could be
ascribed to a time- dependent weakening of the binder (SBR in this
case) in the anode film after repeated expansion during cycling.

As seen in Fig. 6b, the thickening of the pouch cells also increases
with cycling. The highest swelling ratio of 6.77% was found at the
300th cycle in the reference group, while the thickening of cells was
reduced to 5.30% in the group with A/B of 1.05, which is an improve-
ment of ∼22%. Since the anode films in all groups share the same
recipe and the same processing parameters, the difference in the thick-
ening of pouch cells is mainly ascribed to the asymmetric electrode
configuration. As to the correlation between the swelling of the anode
films and the cells’ thickening, we find that the 15% swelling of the
anode film at the 100th cycle corresponds to 4.31% cell thickening in
the symmetric electrode configuration, and to 3.61% in the group with
A/B of 1.15. The results confirm that for a given anode film with a
certain swelling ratio during the charging & discharging processes, the
thickening of the corresponding pouch cells can be modified through
the electrode configuration.
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Figure 6. Swelling of the anode film (a) and the thickness increase of the
pouch cell (b) as a function of the cycling number.

The consistency of the capacity retention ratio of the pouch cells
during the cycling tests deteriorates with increased swelling ratios of
all pouch cells. This indicates that side reactions are responsible for the
capacity fading. At the macroscopic level, buckling usually develops
in anode films under high in-plane compressive stress after repeated
lithiation when there are constraints at the edges as shown in Fig. 1a
and Fig. 1b.19 In the buckled cells, some space between cathode and
anode films appeared and filled up with the electrolyte, which caused
the relative absence of electrolyte elsewhere in the cell. Therefore,
any treatment which contributes to alleviating the buckling could, by
reducing the generated space, suppress the thickening of the pouch
cells and improve their capacity retention performance during cycling.

The asymmetric electrode configuration discussed here aims to
create a compressive force within the jelly-roll to suppress the buckling
phenomenon. Based on the results of the reduced thickening of the
pouch cells and the improved COV of the capacity retention ratio, the
asymmetric electrode configuration seems to be effective.

However, due to the introduction of the asymmetric electrode
configuration, the balance of electrochemical impedance in the
individual electrode films along the current collectors was disturbed.
An imbalance in the distribution of current density in both individual
electrode films would be expected, which causes the same imbalance
problems in grouped cells as stated in the introduction part. This effect
becomes more serious when the asymmetric ratio goes high, which
was confirmed in this experiments in case of A/B larger than 1.05.

For a compromise between the positive effects of compressive
stress due to asymmetric electrode configuration and the negative ef-
fects of the imbalance in electrochemical impedance correspondingly,
the optimization of the asymmetric ratio needs further investigation.
Theoretical work will help to shorten the process of finding the opti-
mized asymmetric ratio.
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Perspectives on theoretical work on cell swelling.— Swelling phe-
nomena in lithium ion batteries have been a hot topic in academia and
are expected to become an important aspect of mechatronic failure
research. However, current theoretical work is focused mainly on the
expansion of particles in the electrode film20–24 and on the mechanical
stresses within electrode films.25,26 Due to the difficulties in building
a suitable physical model of the pouch cell jelly-roll structure, there
are few reports on research about its mechanical structure, whereas
that in the cylinder cell has already been modeled with a geometric
curve.27 A discontinuous mathematical model may be needed to de-
fine the structure of the jelly-roll pouch cell with special attention to
the constrained edges where the thickness of the anode film changes
dramatically, as shown in Fig. 2.

Optimization of the asymmetric electrode configuration could also
be implemented with other measures besides the variation of the coat-
ing weight on the two sides of the current collector: one could vary
swelling ratios with different anode recipes, replacement of active
materials, modification of binders, or particle size control while main-
taining the same coating weight/thickness on both sides of the current
collector.

Conclusions

An innovative design of the asymmetric electrode configuration
has been implemented in commercial lithium ion batteries for sup-
pressing the thickness increase in pouch cells, where the thicker side
was wound inwards to create compressive stress originating from the
swelling of the asymmetric anode film in the jelly-roll. Improved con-
sistency of the capacity retention ratio during cycling is observed in
the asymmetric electrode, especially in the sample with A/B of 1.05,
where the COV of the capacity retention ratio during cycling was
reduced to 25% of that of the reference group. The thickening of the
pouch cells was also suppressed in cells with the asymmetric elec-
trode configuration, which is believed to contribute to the improve-
ment of the capacity retention ratio during cycling. A compressive
stress resulting from the swelling of the anode films is suggested to
be responsible for preventing the anode film in the jelly-roll from
buckling, thereby avoiding the creation of spaces in the jelly-roll
which lead to local decreases of electrolyte and to thickening of the
jelly-roll.
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