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Small coin cell batteries are predominantly used for testing lithium-ion
batteries (LIBs) in academia because they require small amounts of material
and are easy to assemble. However, insufficient attention is given to
difference in cell performance that arises from the differences in format
between coin cells used by academic researchers and pouch or cylindrical
cells which are used in industry. In this article, we compare coin cells and
pouch cells of different size with exactly the same electrode materials,
electrolyte, and electrochemical conditions. We show the battery impedance
changes substantially depending on the cell format using techniques
including Electrochemical Impedance Spectroscopy (EIS) and Galvanostatic
Intermittent Titration Technique (GITT). Using full cell NCA-graphite LIBs,
we demonstrate that this difference in impedance has important knock-on
effects on the battery rate performance due to ohmic polarization and the
battery life time due to Li metal plating on the anode. We hope this work
will help researchers getting a better idea of how small coin cell formats
impact the cell performance and help predicting improvements that can be

achieved by implementing larger cell formats.

1. Introduction

Research on lithium-ion batteries (LIBs) has expanded tremendously
over the past decade, because they are one of the most promising bat-
tery technologies for both electric cars and portable electronic
devices.['™] Despite this intensification of research activities, most aca-
demic works is focusing on coin cells because larger format pouch and
cylindrical cells require more active material as well as expensive
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infrastructure (e.g., roll-to-roll coaters, dry
rooms, cell stackers). The assumption in most
papers is that the battery performance is inde-
pendent of the cell format. While this is true for
some metrics, such as the gravimetric capacity,
we show in this article that, for instance, the
cycling stability and rate performance are influ-
enced by the cell format (even if all coating
parameters such as the areal loading, calendar-
ing are the same).

Different battery cell types and sizes have
been meaningfully investigated in the several
reports‘[éflo] For instance, evolved gas can be
accommodated more easily in coin cells due
to their large volume compared with the
electrode area, and the electrical impedance of
different cell types is known to be different.
However, variations in the impedance proper-
ties of different cell types still remain ambig-
uous. Ultdmately, a good understanding of
differences in coin cell versus pouch cell per-
formance is important to predict how lab
scale measurements on small coin cells trans-
late to industrially relevant pouch cell performance. Herein, we
investigate the differences between coin cells (capacity ~7 mAh) and
pouch type cells (capacity of 24, 350, 750, and 1000 mAh). We
observed differences in cell impedance by using various electro-
chemical techniques such as Electrochemical Impedance Spectroscopy
(EIS), Galvanostatic Intermittent Titration Technique (GITT), Direct
Current Internal Resistance (DC-IR), and a new electrochemical cur-
rent pulse method. We then show how cell impedance influences
the capacity retention during cycing and rate performance. These
results are useful to close the gap between university laboratory and
industrial cell results.

2. Results and Discussion

As depicted in Figure 1a, pouch cells are composed of a cathode,
separator, and anode in either a single layer or multiple layer
stack (usually with double side coated electrodes) that are encapsulated
in a pouch. By comparison, coin cells count more components.
As shown in Figure Ia, they comprise a can, anode, separator,
gasket, cathode, spacer, spring, and cap. In our experiments, we use a
LiNig ggCog 1 Alg 020, (NCA) cathode and graphite anode. To further
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To investigate the internal resistance differ-
ence induced by different cell type, we con-
ducted  various electrochemical  analysis
methods, such as EIS, GITT, DC-IR, and a modi-
fied DC-IR technique (see details in the experi-
mental procedure). Figure 2a shows the
resistance analysis using EIS with 7 mAh coin-
type cell and 1000 mAh pouch-type cell. The
high frequency series resistances of coin and
pouch cells are 6.227 and 0.025 ohm, respec-
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tively. The combined semi-circles length, repre-
senting resistances resulting from the solid
electrolyte interphase (SEI), and charge transfer
of coin and pouch cells are 11.84 and
0.05 ohm, respectively. This is a surprisingly
large difference of over 200 fold. To verify this
result, we also use GITT to analyze the resistance
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Figure 1. Schematic and electrochemical characterization of coin-type and pouch-type cell. a) the same values as expected. However, ohmic
Schematics of coin-type cell and pouch-type cell. b) Voltage profiles and c) Normalized voltage profiles resistances of the coin and pouch cells derived

of 7 mAh coin-type cell, 24, 350, 700, and 1000 mAh pouch-type cells for the 2nd cycle.

ensure that our experiments are representative of practical commercial
batteries, high areal loading levels of 22.8 mg cm™” on the cathode
and 13.1 mg cm~ 2 on the anode were used, respectively, and the N/P
ratio was 1.1.['""'2] The cathode and anode were calendared to densi-
ties of 3.0 and 1.6 g cm™ >, respectively. The same electrodes are used
in our coin and pouch cell experiments. The only difference is that
one-side-coated electrodes are used for coin cells and double-side-
coated electrodes are used for pouch cells. The coin cell cathode has a
diameter of 14 mm and the anode has a 16 mm diameter. Pouch cells
of 24, 350, 700, and 1000 mAh are fabricated and tested. The
24 mAh cells are made with small electrodes of 20 mm by 25 mm
and the larger format cell are using cathodes of 50.0 mm by 68.5 mm.
The size of the anodes is slightly larger (54.0 mm by 72.5 mm) to
avoid dendrite growth.m’lﬂ Our 350 mAh cells use only 1 cathode
and 2 anodes (2 pairs), 700 mAh cells use 2 cathodes and 3 anodes
(4 pairs), whereas 3 cathodes and 4 anodes are used for 1000 mAh
cells (6 pairs). We assembled multiple cells (at least three cells) of each
type, and as shown in Figure S1, Supporting Information, there is very
litde cell to cell variation in our experiments. The details of the elec-
trode preparation are described in the experimental procedure. All the
cells are cycled between 2.5 and 4.2 V in triplicates at 25 °C using a
WonAtech battery cycler.

Figure S2, Supporting Information, shows the formation voltage
profiles of the coin and pouch cells. The initial coulombic efficiency of
coin and pouch cells are 86.3% and 86.2%, respectively, which is
within the margin of error of the measurements. However, the pouch
cells repeatedly show a lower voltage profile in the first charging pro-
cess than coin cell. Note that the kink in charge profile of the pouch cell
is derived from degassing step, which is essential for large pouch cells
(details are provided in the experimental procedure). In contrast, dis-
charging profiles and subsequent cycles in coin and 24, 350, and
700 mAh pouch cells coincide completely for all the different cell for-
mats as shown in Figure 1b,c.
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from GITT are very different as shown in
Figure 2c as a function of the cell voltage. The
ohmic resistances of coin and pouch cells are around 19 and 0.14 ohm
on average, respectively. The ohmic resistances are similar during
charge and discharge as expected. The nonohmic resistances of coin
cells vary from 24 to 176 ohm and pouch cells from 0.13 to 5.23 ohm
as a function of the state of charge and charging and discharging
(Figure S3, Supporting Information, illustrates how we derive ohmic
and nonohmic voltage drop contributions!'*'®Y). To further confirm
this large difference in impedance between coin and pouch cells, we
carried out DC-IR tests (Figure S4, Supporting Information), by apply-
ing current pulses of various sizes at the same SOC (here 60%).['"1 We
found that for a coin cell, the ohmic resistance is 11.424 ohm and for a
pouch cell it is 0.056 ohm.

To further study these trends in impedance for the 24, 350, and
700 mAh cells discussed above, DC-IR measurement was conducted
with each cell. Figure 3a shows the DC-IR resistance at 60% SOC for
all these difference cell sizes. The DC-IR resistance of the cells is decreas-
ing as the cell size is increasing. Figure 3b scheme explains the reason
of this rend. Increasing the cell size means effectively that more LIBs
are connected in parallel."'®'*] In essence, this is analogous to connect-
ing resistors in parallel where the total resistance of N resistors in paral-
lel is R/N. In the case of batteries, N is proportional to the electrode
area, and therefore, if we multiply the impedance by the cell area, a
normalized resistance is obtained that is almost independent of the cell
format. Normalizing impedance per geometric area (i.e., current collec-
tor surface) allows for comparison between batteries using the same
electrode formulation, but is not taking into account the areal loading,
which makes comparison between different electrodes challenging, and
therefore, we suggest to normalize impedance per cell capacity in this
study: in this case 108, 85, 85, 81, and 76 ohm mAh for 7, 22, 337,
678, and 1008 mAh cells, respectively (Figure 3a). The slightly higher
normalized coin cell resistance is probably due to additional contact
resistances introduced by the springs and spacers used in coin cells.
However, this calculation allows to directly predict the impedance of
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cells (Figure S7, Supporting Information). If

the voltage drops are converted to resistance,
the ohmic resistances of the results from the
i DC-IR and modified DC-IR remain almost the
same. However, the nonohmic resistance from
the modified DC-IR is significandy different
depending on C-rate (Figures S6 and S7, Sup-
porting Information). In other words, if the
same amount of charge applied per pulse is
constant, the nonohmic

resistance  value

increases as the C-rate decreases.
The difference in impedance observed as a

function of the cell format has important
knock-on effects on the electrochemical per-
formance of the batteries. As shown in
Figure 4a, the rate performance observed in
pouch cells is better than coin cells despite
ﬂ M using the exact same electrodes due to ohmic
T polarization. Further, as shown in Figure 4b,

we observed a faster capacity fade in coin

H ’ ’ cells than pouch cells. Considering that we

used exactly identical electrodes and electro-

lyte, this difference also originates from the
internal resistance in different cell configura-
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Figure 2. Internal resistance measured by electrochemical tests. a) EIS and b) GITT results for the
coin-type and pouch-type cell. ¢) Ohmic resistance and d) nonohmic resistance calculated by each

pulse from GITT measurement in Figure 2b.

large format cells simply based on the electrode areas or the cell
capacity.

While the ohmic resistance does not change with the current den-
sity, nonohmic resistance may change with the current density, which
has not been studied in detail so far. In this study, we suggest a modi-
fied DC-IR method where pulses with the same total charge are applied
but with a varying current density and time. Instead of applying differ-
ent current densities for the same time, we suggest, for instance, to
apply a current rate of 0.5 C/—0.5 C for 100 s, 1 C/—1 C for 50 s, 2
C/—2 Cfor 25s, 3 C/—3 Cfor 16.7 s,4 C/—4 Cfor 12.55s, 5 C/
—5 Cfor 10 s, and 10 min rest in between each step (see details in the
experimental procedure, Figure S5, Supporting Information. In other
words, instead of applying current for a constant time (10 s), we sug-
gest keeping the applied charge in each pulse constant. Although the
ohmic voltage drops in both DC-IR methods are almost same, the non-
ohmic voltage drops of the modified DC-IR are significantly different
(Figure S6a,b, Supporting Information). Note that the comparison of
conventional and modified DC-IR methods shown in Figure 4 is based
on the 1 Ah pouch cells. The trend of comparison is same in the coin
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tions. More specifically, the effective cut-off
voltages observed by the active materials shift
with the cell impedance, leading to harsher
effective voltages in coin cells than pouch

H ﬂ Il cells. To quantify this, EIS analysis is carried
L out after 100 cycles and 500 cycles showing

a noticeable increase (43%) in impedance
after 100 cycles in coin cell, whereas pouch

H cell shows only slight increase (10%) in

Y 40 ' 4o impedance (Figure 4cd). In other words,

the initial higher impedance of coin cells can
lead to faster degradation of the electrode,
which in turn leads to more impedance
build-up in the cells as cycling goes on.
After 500 cycles, both coin and pouch cells
show a substantial increase in impedance.
Figure 4c shows a faster decrease in capacity in coin cells, which is
particularly apparent in the first 100 cycles. To verify this, we car-
ried out postmortem SEM measurement of the anodes (Figure 4e,f)
and cathodes (Figure S8, Supporting Information) after 100 and
500 cycles. The coin cell anodes showed minor signs of Li plating
after 100 cycles and substantial plating after 500 cycles (yellow
regions in Figure 4e). In contrast, the anodes in pouch cells show a
very clean surface even after 500 cycles. This capacity loss is in line
with the above postmortem SEM observations and impedance and is
probably due to a number of mechanisms, including the decrease
in lithium inventory due to the side reactions observed on the

anode.[29722]

3. Conclusions

Academic advances in LIBs research are typically carried out using
coin cells. The underlying assumption in these reports is that the
results observed in coin cells also hold true for larger format cells

© 2023 The Authors. Energy & Environmental Materials published by
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anode sample was mixed with carboxymethyl cellu-

@ a4 20 jose (MC butadiene rubber (SBR) bind
%01 [ Ohmic Drop ose ( )/st).lrene- uta |en§ rubber ( ). in .er
16 o [_] Overpotential g and super-P with a mass ratio of 97.5:1:1.5 in deio-
124 — 1100< nized water solvent. Amounts of slurry batch for the
3.6 ° £ cathode and anode were prepared over 1 kg and

£ g%: ) °/ 180 O 500 g, respectively, for large scale roll to roll electrode
o g processing up to 30 m. The loading levels of cathode
3 0251 {60 § and anode were 22.8 and 13.1 mg cm ™2 respectively.
E ’ : After roll-to-roll electrode processing, the electrodes
7 0201 £ were pressed to increase the electrode density up to

o 140 3 -3 -3
0 0.15- I 30 g cm ~ (for cathode) and 1.6 g cm™~ (for anode).
T Finally, the electrodes were vacuum-dried at 120 °C
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0.051 Coin cell assembly: 2032-type coin cells were
0.00 0 used for the coin cell tests. The assembly was con-
7 24 350 700 1000 ducted in the glove box. The sizes of cathode and
Cell Capacity (mAh) anode are 14 and 16 mm diameters, respectively. To
avoid mismatch of cathode and anode, the assembly

(b) was very carefully conducted by the skilled researcher.

e, .
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Cathode
Anode

Cathode  Anode

Figure 3. Calculation of resistance from various cell. a) Resistance and normalized resistance calculated
from DC-IR results with 7, 24, 350, 700, and 1000 mAh cell. b) Schematics explaining resistance term

with parallel reaction concept.

used in commercial applications. While this is true for certain met-
rics such as the specific capacity, this article shows how the cell for-
mat can influence properties such as rate performance and cycling
stability, even if the cells are using the exact same cathode (NCA)
and anode (graphite) materials and electrode-coating parameters. The
main cause for these differences lies in the cell impedance, which is
more than 100 times higher in coin cells (~7 mAh) than in pouch
cells (~1 Ah). This is explained by an equivalent electrical circuit
with 24 to 350, 700, and 1000 mAh pouch cells and coin cells,
which can be used to predict the impedance of cells as they are
scaled up. As expected, the lower impedance in pouch cells results
in a better rate performance. We also observed that the higher resis-
tance coin cells are more likely to have undesirable side reactions
such as Li plating during the cycling and therefore show a lower
capacity retention. Overall, these observations help predicting how
properties observed coin cells can change when transitioning to
larger commercial pouch cell formats.

4. Experimental

Electrode preparation: The commercial NCA cathode sample was mixed with
polyvinylidene fluoride (PVDF) binder and super-P carbon with a mass ratio of
94:3:3 in N-Methyl-2-pyrrolidone (NMP) solvent. The commercial natural graphite
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The electrolyte of 1.15 M LiPF in mixture of ethylene
S carbonate/ethyl methyl carbonate/diethyl carbonate
(3/6/1 by volume) with 10% fluoroethylene carbonate
(Panax Starlyte) was used. Microporous polyethylene
— separator (15 pm, Celgard) was used.

Pouch cell assembly: 22, 337, 678, and 1008 mAh
full cells were fabricated in the dry room. In terms of
22 mAh full cell, the areas of cathode and anode are
5 and 594 cm” and those of other cells are 34.2 and
392 cm’. The anode and cathode were carefully
stacked and stacking number of the 337, 678, and
1008 mAh is 1, 2, and 3, respectively. The electrolyte
of 115 M LiPFs in mixture of ethylene carbonate/
ethyl methyl carbonate/diethyl carbonate (3/6/1 by
volume) with 10% fluoroethylene carbonate (Panax
Starlyte) was used. We injected sufficient amounts of
electrolyte in the cells to prevent the performance to
be affected by electrolyte starvation. The amount of
electrolyte used for 1 Ah, 678, 337, and 22 mAh cells
was 4 g 26 g 13 g and 100 pL, respectively. In the
case of coin cells, roughly 05 g of electrolyte was
used, but it is important to note that during the cell assembly process, excess
electrolyte can flow out of the cells>*** Microporous polyethylene separator
(15 pm, Celgard) was used. Assembled cells were aged for 24 h and charged to
SOC 30% with a 0.1 C-rate, followed by degassing step. After degassing process,
formation cycles were performed with a 0.1 C rate in a voltage range of 2.5—
42 V.

Battery performance: Cut-off voltage of 43 V and constant voltage cut-off
of 0.05 C were conducted in charging process of all cell tests. Cut-off voltage of
2.5 V was conducted in discharging process of all cell tests. For the formation
2 cycles, the 0.1 C was used in both charging and discharging. For the cycling test,
0.5 C charging and 1 C discharging were used up to 500 cycles. For the rate test
of each 5 cycles, 0.5 C charging rate was fixed and discharging rate range of 0.5, 1,
2,3, 4, and 5 C was used. To avoid the errors from remained lithium ion at high
rate test, the cells were fully re-discharged at 0.5 C for each cycle.

EIS: The EIS measurement was conducted with frequency range from
1000 kHz to 10 mHz and amplitude of 10 mV. All the measurements were con-
ducted at fully charged state.

GITT: Cut-off voltage of 43-2.5 V was conducted in GITT test. The pulse
current was 0.1 C for 30 min, followed by 2 h rest time.

DC-IR: DC-IR applied pulse current for every 20% SOC changes. The applied
current and time are 0.5 C/—0.5 C for 105, 1 C/—1 C for 105, 2 C/—2 C for
10s,3C/—3 Cfor10s,4 C/—4 Cfor 10 s, 5 C/—5 C for 10 s, and 10 min rest
whenever changing the current.

Modified DC-IR: Modified DC-IR applied pulse current for every 20% SOC
changes. the applied current and time are 0.5 C/—05 C for 100 s, 1 C/—1 C for
50s,2C/—2Cfor25s,3C/—3Cfor167 s 4 C/—4 Cfor 125 s, 5 C/—5 C for
10 s, and 10 min rest whenever changing the current.
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Ex situ SEM: The morphological change of the electrode samples was
observed using scanning electron microscopy (SEM, VERIOS 460, FEI).
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