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Demand for portable electronic and electrical devices has led to considerable growth in production of lithium-ion battery cells and
the number of manufacturers thereof. However, due to lack of supplied information or independent verification, it is frequently
difficult to compare cells based on available data. In this study, we conduct a comparative testing study on five types of 18650-format
lithium-ion cells from three different commercial manufacturers, ranging from budget to high-performance cells. Key insights
gathered in the comparison were that the tested budget cells frequently offer less than 20% of their rated capacity, that the budget
cells degrade at a significantly higher proportional rate than other cells, and that certain high-performance cells exceed the size
dimensions of the 18650-format by over 3%. Electrochemical impedance spectroscopy testing showed the budget cells to have
internal impedances several times higher than other cells, leading to notably increased heat generation and a significantly reduced
cell efficiency. Differential capacity analysis found this high internal resistance to notably impede lithium intercalation processes.
The presented methodology is intended as a base framework for conducting subsequent comparative testing studies for Li-ion cells.
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A strong demand for portable electronic and electrical devices in
recent years has led to a corresponding demand for high-performance
batteries. Due to the large amount of energy that can be stored per unit
of weight and volume, lithium-ion (Li-ion) batteries have become the
battery of choice for many small devices such as mobile phones, laptop
computers and power tools. Increasingly these cells are also being used
for much larger applications including electric bicycles, electric cars
and stationary energy storage in domestic or commercial settings.

Li-ion battery cells first became commercially available in 1991.
Today, there are many different cell manufacturers that offer a wide
variety of battery cells to both corporate and personal customers.
Unfortunately however, reliable information on the physical dimen-
sions and electrical characteristics can be difficult to obtain for many
cells. High-end suppliers commonly provide data sheets that contain
technical product information including factors such as size, weight,
capacity, voltage profile and cycle life, as well as some limited mea-
surement data to support these numbers. Low-cost products are fre-
quently supplied only with a nominal capacity rating, without any
measurement data. Where available, the ratings are typically based on
in-house testing without independent verification. As private or small
commercial consumers rarely have both the specific equipment and
know-how required to accurately test cells, there is a risk that man-
ufacturers may inflate ratings in order to make their products appear
more competitive. This adds further complexity to the already difficult
task of choosing cells for commercial or personal applications. As a
result, there is scope for academic research to provide insight into the
state-of-the-art of current commercial Li-ion battery cells.

When choosing batteries for use in applications, there are a wide
variety of important battery characteristics that need to be considered.

Important physical characteristics of cells include the size, weight
and shape. Commercial Li-ion batteries come in many shapes and
sizes.! The most common Li-ion battery format is called 18650, which
stands for a cylindrical cell with a diameter of 18 mm and a length
of 65 mm. While originally intended for use in laptops, the resulting
economy of scale of 18650-format cells has led to adoption in other
applications including many power tools, electric bicycles and Tesla
Motors’ electric cars. The widespread use, as well as the predefined
format against which actual sizing can be compared, make 18650
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cells particularly interesting for study. For any application that offers
flexibility regarding the shape of the battery, the physical parameters
should be compared in direct correspondence with the electrical per-
formance in order to select the cell or set of cells that offer the best
trade-off between high capacity and charge and discharge capabilities
and low weight and size while also taking into account the cost.

Important short-term electrical characteristics include maximum
and minimum voltage limits, current capabilities, the capacity of the
cell at the beginning of life for different charging and discharging
rates and temperatures as well as the output voltage for different
currents and states-of-charge. Table I summarizes findings of a range
of initial capacity tests of 18650 cells published in the literature. The
results show that the measured capacity of commercial 18650 cells can
deviate somewhat from the nominal capacity. Note that the rate in the
table is the C-rate, a normalized current parameter that is calculated
by dividing the applied discharge current by the cell capacity. As an
example, discharging a 1.9Ah cell at a current of 0.95A corresponds
to a C-rate of 1/2 C, which is typically shortened to C/2.

In the long-term, the performance of cells in practical applications
is a factor of how little the capacity and the resistance changes as an
interdependent function of both time and cycling.

The sheer multitude of testing variables, including cell chemistries,
capacities and formats, charging and discharging profiles, testing tem-
perature and testing set-up, makes cell comparisons based on separate
experimental sets very difficult to conduct. Additionally, to the best
of the authors’ knowledge, an evaluation of very low-priced Li-ion
cells has not been published in the literature. As a result there is a
clear need for academic research comparing commercially available
cells at a range of price points, with testing procedures designed to
maximize the informational benefit to consumers.

In this paper we publish testing results for five types of 18650-
format Li-ion cells made by three different manufacturers: Panasonic,
Sanyo and UltraFire (shown in Fig. 1). The testing includes initial
weight, size, capacity and electrochemical impedance spectroscopy
(EIS) measurements, between 40 and 80 full ageing cycles and final
capacity and EIS measurements.

Testing Methodology

Experimental set-up.— The initial and final capacity testing as
well as the ageing studies were conducted using a MACCOR 4000
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Table 1. Initial capacities of commercial 18650-format lithium-ion batteries from literature.

Author Cell Type (Quantity) Nominal Capacity Capacity® Spread @ Rate @ Temp®
Dubarry et al? Unknown(10) 1.9 Ah 99.4% 0.2% C/2 23°C
Dubarry et al® Unknown(10) 1.9 Ah 102.6% 0.2% C/25 23°C
Ecker et al® Sanyo UR18650E (2) 2.05 Ah 97.9%" 1.2%"¢ C/4 35°C
Ecker et al® Sanyo UR18650E (2) 2.05 Ah 97.5%° 2.8%" C/4 50°C
Mulder et al' Unknown? (5) 2.3 Ah 93.5% 0.4%° 1C 23°C
Mulder et al Unknown? (5) 2.5 Ah 97.2% 1.2%° 1C 23°C
Reichert et al* A123 APR-18650-M1A 1.1 Ah 102.0%f 2.8%" 1C 20°C
Reichert et al* Samsung ICR-18650-26F 2.6 Ah 100.3%f 1.18%f 1C 20°C
Stiaszny et al’ Unknown (6) 2.0 Ah 101.5%# 7.3%"°-2 C2 23°C
Stiaszny et al® Unknown (6) 2.0 Ah 95.5%¢# <1.3%°¢ 1C 23°C

4 Average of measured cell capacities.
YRoom temperature was assumed to be equivalent to 23 C.

¢ Approximation from the non-normalized curves in Figs. 19a, 20a, 21a and 22a of Ref. 3.
dSpecified as cylindrical cells, which given the capacity are likely either 18650 or slightly larger 26650 cells.

¢Standard deviation value, as individual values are not published.

f Approximation from the zero-cycle points in Figs. 8, 9, 14 and 15 of Ref. 4.

& Approximation from the zero-cycle points in Fig. 5 of Ref. 5.

Series multi-channel battery test system. Battery cells were connected
using commercially available 18650 battery holders, which had their
coils removed and wires replaced in order to decrease resistance. Fur-
thermore, four-terminal sensing was used to minimize the measured
voltage drop due to applied currents. The voltage measurements were
taken directly from the surface of the cells, whereas the currents were
applied via the upgraded holder wires. For safety purposes, cells being
cycled were placed into sand-filled containers. This approach provides
a heat-tolerant surface and allows any electrolyte leakage to be con-
tained. Electrochemical impedance spectroscopy was conducted using
a BioLogic VMP3 potentiostat system. The cells were connected in
the same way as during the capacity testing.

The cell length was measured using a Vernier caliper with doubly
folded sheets of paper used as electrical insulation on the terminals,
the thickness of which was subsequently subtracted from the mea-
surements. For measuring the diameter, a digital micrometer screw
gauge was used to determine the thickest point of the cell. For most
cells this point was near the positive terminal with the exception of the
UltraFire 4200 mAh cells for which it was located near the negative
terminal. The weight was measured using a Mettler AE 260 Delta
Range balance.

According to available manufacturer information, all cells con-
sist of graphite anodes and cobalt-based cathodes, though the exact
composition is not specified. No detailed information regarding elec-
trolytes or separator materials was available, although it is believed
that the cells all contain carbonate-based electrolytes with lithium
salts. It should further be noted that there exists some uncertainty re-
garding various aspects of the UltraFire cells. On online marketplaces
in Australia and several other countries, UltraFire-branded cells make

Figure 1. Tested cells, from left to right, UltraFire TR18650 4200 mAh,
UltraFire TR18650 4900 mAh, Sanyo UR18650FM, Panasonic NCR18650A
and Panasonic NCR18650B.

up the majority of highly ranked search results for 18650 cells. This
suggests a very high number of sales of these cells. However, a number
of webpages and forum posts have suggested that manufacturers other
than the company owning the right to the UltraFire brand name may
have sold cells labelled as UltraFire. Furthermore, the capacity rat-
ings notably exceed those of top-of-the-line cells from leading battery
manufacturers. Given the questionable origins and capacity ratings,
the UltraFire cells should be regarded as an example of a generic,
low-cost products rather than a specific brand of battery cell.

Testing procedures.— The testing procedure for each cell consisted
of six stages as shown in the scheme presented in Fig. 2. In the first
stage the capacity of cells at beginning of life was measured over eight
charges and discharges. A constant current, constant voltage (CCCV)
process was applied for charging. In the first stage a constant current of
1A was applied until the cells reached the maximum voltage of 4.2A.
Once this voltage was reached, the current was progressively reduced
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Figure 2. Schematic representation of testing procedure used in this study.
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in such a way that the terminal voltage remained equal despite further
charging. When the current reached a nominal minimum value set at
50 mA, the charging process terminated. Discharge was conducted as
a pure constant current process at 1 A. For the first five cycles all cells
were discharged to 2.8 V. For the sixth to eighth cycle, the Panasonic
cells were discharged to 2.5 V, while the remainder were discharged
to the same 2.8 V as previously. This was done to allow comparability,
while at the same time evaluating the additional capacity offered by
the lower minimum limit of 2.5 V specified for the Panasonic cells.
The approach of using CCCV for charging and CC for discharging
is frequently chosen for testing as applications for batteries are fre-
quently unable to operate with the reduced power supply that would
be associated with a constant voltage discharge process.

The second stage consisted of testing focused on the dimensions
and weight of the cells. This was done in order to enable comparisons
of the energy density (energy per unit volume) and specific energy
(energy per unit weight) between different cells. Due to the weight and
size constraints in mobility applications, energy density and specific
energy are among the most crucial parameters.

The third and final step of the initial testing was to conduct elec-
trochemical impedance spectroscopy (EIS). For this testing method,
alternating voltages with a range of frequencies are applied consecu-
tively in order to determine the impedance behavior of battery cells.
Based on the interesting regions identified in Ref. 6, we selected the
frequency range of 0.1 Hz and 100 kHz.

The fourth step focused on the ageing of cells. Of the four cells
of each type, two cells were underwent the same full cycles between
voltage limits of 2.8 to 4.2 V as were used for the initial capacity tests.
The two remaining cells of each type instead underwent partial cycles
following the same current limits as for the full cycle test. However,
for partial cycles the applied voltage was limited to a narrower range of
3.2 t0 4.0 V. To provide comparability, each tenth cycle of the partial
ageing was conducted as a full cycle. This division of the ageing
process into partial and full cycles was done in order to evaluate
the performance of cells in certain real-life applications where full
cycles are not always required and the associated increased ageing
near the voltage boundaries can be avoided. To incorporate the effect
of limited charging time, the constant voltage charging stage of the
comparison cycles terminated when the current had either reduced to
50 mA or one hour of time had passed. The cycling ageing step was
set to conclude after either 100 cycles, at the end of a 4-week testing
period, whichever occurred first. In addition, the testing unit was set
to self-terminate cycling of specific cells upon noticing errors such as
loosened contact connections.
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Following the cycle ageing, the cells remained at a resting state
for a duration of several days to several weeks depending on when the
respective cycles had concluded. Following this, the fifth stage was
then to conduct a final capacity test, which was identical to the initial
capacity test. The sixth and final stage of the testing was a second EIS
analysis of all cells. A summary of all cells and testing conditions is
shown in Table II, alongside the cell identifiers used throughout this

paper.

Initial Testing

Physical dimensions and weight.— In order to compare the spe-
cific energy (energy per unit weight) and energy density (energy per
unit volume) of the cells, both the physical dimensions and the weight
of the cells had to be determined. Measuring the physical dimensions
further provided feedback regarding how closely manufacturers were
following the 18650 format, which specifies cells to have a diameter
and length of 18 mm and 65 mm, respectively.

The results are listed in Table III. All cells tested exceeded the
format-associated diameter of 18 mm and all but the San2600 cells ex-
ceeded the associated length of 65 mm. The size increases were within
provided manufacturer specification with the exception of Pan3400
cells. The latter exceeded the 18650-associated diameter and length
by 3.2% and 3.6%, respectively. This is a significant deviation from
the standard and needs to be considered by designers of large battery
packs containing as many as thousands of cells. It also has a notable
impact on the energy density of the cells, which will be discussed
subsequently.

Initial capacity.— Table III also shows the results of the initial
testing of the cells. In the initial testing regime, the Panasonic and
Sanyo cells all achieved over 93% of their listed typical charge capac-
ity. The UltraFire cells on the other hand perform much worse, with
the 4.2 Ah and 4.9 Ah cells only achieving 18% and 12% of their
rated charge capacity, respectively. The slight differences between
the rated and measured values of the Panasonic and Sanyo cells can
reasonably be viewed as a product of minor variations in the applied
charge and discharge cycles. In fact, according to their data sheets,
the two types of Panasonic cells are rated for a minimum discharge
cutoff at 2.5 V, which was found to increase their charge capacity by a
further 3%. Furthermore, continuing CV charging to a lower current
cutoff, discharging at a lower rate and discharging and conducting
the charge and discharge processes at specific temperatures may well
compensate for the remaining difference of 5%.

Table II. Summary of cells and cycle ageing conditions.

Cell Cycle ageing conditions (non-comparison cycles) Identifier

Panasonic 3.1 Ah Charge: 1A CC-CV to 4.2 V until 50 mA/1 h at CV Pan3100 (F)
Discharge: 1A CCto 2.8 V

Panasonic 3.1 Ah Charge: 1A CC-CV to 4.0 V until 50 mA/1 h at CV Pan3100 (P)
Discharge: 1A CCto 3.2V

Panasonic 3.4 Ah Charge: 1A CC-CV to 4.2 V until 50 mA/1 h at CV Pan3400 (F)
Discharge: 1A CCto 2.8 V

Panasonic 3.4 Ah Charge: 1A CC-CV to 4.0 V until 50 mA/1 h at CV Pan3400 (P)
Discharge: 1A CCto 3.2V

Sanyo 2.6 Ah Charge: 1A CC-CV to 4.2 V until 50 mA/1 h at CV San2600 (F)
Discharge: 1A CCto 2.8 V

Sanyo 2.6 Ah Charge: 1A CC-CV to 4.0 V until 50 mA/1 h at CV San2600 (P)
Discharge: IACCto 3.2V

Ultrafire 4.2 Ah Charge: 1A CC-CV to 4.2 V until 50 mA/1 h at CV UF4200 (F)
Discharge: IACCto 2.8 V

Ultrafire 4.2 Ah Charge: 1A CC-CV to 4.0 V until 50 mA/1 h at CV UF4200 (P)
Discharge: IACCto 3.2V

Ultrafire 4.9 Ah Charge: 1A CC-CV to 4.2 V until 50 mA/1 h at CV UF4900 (F)
Discharge: 1A CCto 2.8 V

Ultrafire 4.9 Ah Charge: 1A CC-CV to 4.0 V until 50 mA/1 h at CV UF4900 (P)

Discharge: 1A CCto 3.2V
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Table I11. Initial capacities and physical dimensions.
Pan3100 Pan3400 San2600 UF4200 UF4900
Typ. Charge Capacity (mAh) 3070 3350 2600 4200 4900
Min. Charge Capacity (mAh) 2950 3250 2500 N/A N/A
Meas. Charge Capacity® (mAh) 2862 (2961) 3166 (3267) 2480 757.1 579.4¢
— (% of typical) 93.2 (96.4) 94.5 (97.5) 954 18.0 11.8¢
Meas. Energy Capacity (Wh) 10.19 (10.61) 11.33 (11.78) 9.25 2.74 1.96
Nominal Weight (g) <475 <48.5 <48 N/A N/A
Measured Weight (g) 44.66 46.70 45.62 32.24 37.98
Nominal Length (mm) <65.3 <65.3 64.940.2 N/A N/A
Measured Lengthd (mm) 65.08 67.34 64.96 65.74 65.44
Nominal Diameter (mm) <18.5 <18.5 18.3+0.2 N/A N/A
Measured Diameter® (mm) 18.28 18.57 18.28 18.27 18.22
Specific Energy (Wh/kg) 228.3 (237.6) 242.6 (252.3) 202.8 84.8 51.6
Energy Density (Wh/1) 596.9 (621.3) 621.3 (646.2) 542.6 158.7 114.8
Cost per Cell (AUS) 11.48 13.48 5.31 1.45 1.63
Cost/Meas. Capacity ($/kWh) 1125.9 (1081.8) 1189.7 (1144.0) 574.1 530.1 831.7
Cost/Meas. SE ($kg/kWh) 50.29 55.56 26.19 17.09 31.59

2Unless state otherwise, all values are an average value for four cells.

b Average of first five complete discharge processes from 4.2-2.8 V; in brackets: first subsequent 4.2-2.5 V discharge processes if applicable.

¢ Average of three cells only as fourth failed to charge or discharge.
dValues for one cell only.

®Measured at the thickest point, which is usually found near the positive end of the cell.

The factor of five offset between the rated and measured charge
capacity of the UltraFire cells on the other hand cannot be explained
by the applied cycling regime or ambient conditions. The incredible
magnitude of the discrepancy, as well as the fact that the higher rated
UltraFire cells performed even more poorly than the lower rated cells,
casts doubt on the validity of the experimentation used to develop the
ratings.

Cycle Ageing

In order to assess the impact of ageing, all cells were subjected
to repetitive charge-discharge cycles following the initial testing. Of
the four cells of each type, two underwent charge-discharge cycles
between 2.8 V and 4.2 V, described from here on as full cycles.
Like the initial characterization cycles, the full cycles consisted of a
constant-current, constant-voltage process with upper and lower limits
as mentioned previously and a current limit of 1A. The cutoff current
for the constant-voltage charge was chosen as 0.05A (or around 1/50C
for the San2600 cells which nominally have the lowest capacity).

Following each charge and discharge step, the cells rested idle for
30 minutes. Partial cycles followed the same process, with the sole
difference that the lower voltage limit was set to 3.2 V and the upper
voltage limit was set to 4.0 V.

To provide a common basis for comparison, on every tenth cycle
a special comparison cycle was run. These comparison cycles formed
a basis of comparison between the cells undergoing full cycles and
those undergoing partial cycles. While the comparison cycles adhered
to the same voltage limits as the full cycles, the constant-voltage
charging cutoff point was set as either the 0.05A as for the full cycles
or one hour of charging, whichever came first. This cutoff criterion
was considered to be a better simulation of real-life usage in which
the charging time of the battery is finite and the full constant-voltage
charge may not be completed if it takes too long. An example 10-cycle
segment of one cell is illustrated in Fig. 3. By comparing the amount
of energy stored during the constant-voltage process, it can be seen
that for the cell illustrated, the charge in the comparison cycle was
terminated due to the time limit rather than the current rate limit.
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Figure 3. 10-cycle segment of the partial ageing of a Sanyo cell. Profile shows nine partial charge-discharge cycles and one comparison cycle.
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Figure 4. Cell capacity determined through the comparison cycle for cells undergoing cycling between 3.2 to 4.0 V (partial cycling, dashed line) and 2.8 to 4.2 V

(full cycling, solid lines).

Full cycle ageing results.— Fig. 4 shows the capacity fade of the
cells that underwent full cycles. Despite the 50-130 cycles undergone
representing only a relatively small fraction of the commonly assumed
Li-ion cycle life of several thousand cycles, a general ageing trend is
clearly visible. While the Panasonic and Sanyo cells show a capacity
decrease of only 5-10%, the UltraFire cells vary much more signifi-
cantly. As mentioned previously, one cell failed to charge or discharge
at all. Of the remaining three UltraFire cells, two cells showed only
minor decreases in capacity, while the third showed dramatic loss of
80% of the initial capacity over 100 cycles.

Partial cycle ageing.— Literature has shown that cells age es-
pecially strongly when cycled in the very high and very low SOC
regions.’ As a comparison to the full cycles, partial cycles were there-
fore implemented, which followed the exact same protocol with the
exception of using lower and upper voltage limits of 3.2 and 4.0 V,
respectively. The main goal of this testing stage was to evaluate
whether a small reduction in the depth of discharge offers signif-
icant benefits in cycle life for the cells considered. This addresses
the decision between buying expensive higher capacity cells to cycle
partially with potentially notably higher lifespans or buying lower ca-
pacity cells with potentially lower lifespans but which can be replaced
at low cost. Based on this underlying focus, the goal was to limit the
increased ageing that occurs near the upper and lower bounds. The ini-
tial characterization experiments found the absolute voltage-capacity
slope to be notably steeper at the end of discharge than at the end of
charge. Therefore, an increase of the lower voltage limit represents
less restriction in capacity compared to a similar decrease in the upper
voltage limit. As a result, for partial cycles the lower limit was raised
notably more than the upper limit was lowered.

o
®

Fig. 4 also shows illustrates how partially cycled cells aged as
compared with fully cycled cells. For the Sanyo and Panasonic cells
there is a clear trend of partially cycled cells age less with each
cycle than compared to full cycles as expected. However, due to
partially cycled cells absorbing and supplying less charge and energy
in each cycle than fully cycled cells, a comparison on the basis of
cycles is somewhat less meaningful than a comparison on the basis of
cumulative energy throughput as is shown in Fig. 5.

Comparing the cells by fitting linear curves to the energy
throughput measurements yields a non-conclusive result as shown in
Table IV. While for both types of Panasonic cells and the UF4900
cells the partial cycles lead to a lower average degradation per energy
throughput than full cycles, the San2600 and UF4200 cells find that
partial cycles lead to a higher degradation. This inconsistent result
suggests that the sample size of two cells per type and discharge cy-
cle is insufficient for conclusive studies of the impact of slight cycle
variations on ageing.

Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a power-
ful tool to gain understanding of electrochemical processes. By
recording impedance data over a wide frequency range, informa-
tion about internal processes with different time constants can
be ascertained.! In recent years, a number of researchers have
demonstrated the usefulness of impedance spectroscopy for lithium-
ion cells. A Nyquist plot of the frequency dependent impedance spec-
trum of a Panasonic 3.4 Ah cell is shown in Fig. 6. This data is typical
of the data recorded in this study.
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Figure S. Fractional capacity during comparison cycles for cells undergoing partial (P, dashed lines) or full (solid lines) cycle ageing on the basis of cumulative

energy throughput.
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Table IV. Average capacity reduction per unit throughput as
determined from linear curve fitting.

Av. Capacity Reduction per

Cell Type Cycling 100 Wh Throughput (%)
Pan3100 Partial 0.43
Pan3100 Full 0.7
Pan3400 Partial 0.57
Pan3400 Full 1.51
San2600 Partial 0.75
San2600 Full 0.66
UF4200 Partial 3.71
UF4200 Full 2.24
UF4900 Partial 16.6
UF4900 Full 67.9

Prior to discussing the changes in the impedance spectra of the
different cells, it is useful to understand how cell connections and
instrumentation affects the measurements. This is of importance, pri-
marily due to the fact that typically lithium-ion cells are constructed
to have low internal impedances. Fig. 6 also shows ten measurements
of the impedance for the Pan3400 cell. Between each measurement,
the cell was removed from its holder and reinserted, and after every
second measurement a different battery holder was used. As shown in
Fig. 6, the cell ohmic resistance at the intersection with the real axis
shows a maximum variation in data of 5 m2 (ca. 10%).

An equivalent circuit model for capturing characteristics of Li-ion
cells has previously been presented by Andre et al.®’ This circuit
consists of five different regions, namely

A1597

~Im(2) (Ohms)

0.065 0.07
Re(Z) (Ohms)

0.06

Figure 6. Measurement variations during EIS testing of a Panasonic 3.4 Ah
battery.

® Inductive reactance of metallic elements in wires and cell

® Ohmic resistance of the cell, sum of the resistances of current
collectors, active material, electrolyte and separator

® Solid Electrolyte Interface resistances

® Electrode charge transfer resistance and double layer capaci-
tance, and

® Diffusion processes within the active material

Using this equivalent circuit, all of the impedance spectra obtained
for the cells were modelled. Figure 7 shows a plot of experimental vs.
modelled data and the equivalent circuit, and the model output data is
presented in Table V. The chi-squared (x?) minimized to below 1072
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Figure 7. (A) Lithium-ion battery equivalent circuit from Refs. 6 and 7 and (B) experimental and simulated data for Panasonic 3.4 Ah cell before cycling.
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Table V. EIS model fit data for cells before and after cycling.

Cell test Inductor/ Ohmic C charge R charge C R ¥2 value/
conditions x1077 Q resistance/m§2 C SEI/mF R SEI/'mQ transfer/F transfer/mS2 diffusion/F diffusion/m€2 x1073
Panasonic 3.1 Before cycling

full 4.4 58 54 7.7 250 6 0.95 75 1.88
partial 39 47 53 7.7 240 5.5 0.91 7.5 2.25
Panasonic 3.1 After cycling
full 4.5 62 91 7.1 33 10 310 72 2.03
partial 4.5 75 65 5.7 1.4 5.5 510 5.0 7.75
Panasonic 3.4 Before cycling
full 4.5 52 51 8.8 210 5.6 1.1 8.5 2.45
partial 4.6 55 52 9.0 220 5.8 1.2 8.8 2.43
Panasonic 3.4 After cycling
full 4.4 55 63 7.5 2.8 9.5 210 7.8 2.01
partial 43 75 65 8.0 3.1 9.9 390 5.0 2.10
Sanyo Before cycling
full 59 56 50 75 1.7 14 0.33 11 3.06
partial 6.8 55 60 7.6 2.1 17 0.43 11 3.18
Sanyo After cycling
full 6.3 73 98 11 1.1 25 260 7.3 1.38
partial 6.3 56 83 9.6 0.6 19 270 6.7 1.14
UltraFire 4.9 Before cycling
full 5.1 150 31 14 130 12 0.29 25 1.96
partial 4.6 400 32 15 110 12 0.33 26 1.36
UltraFire 4.9 After cycling
full 4.0 180 20 19 0.26 27 41 18 2.79
partial 4.2 320 34 18 0.35 31 89 16 1.90
UltraFire 4.2 Before cycling
full 1.1 110 23 19 110 15 0.23 29 3.66
partial 0.76 230 21 20 180 78 0.24 27 2.66
UltraFire 4.2 After cycling
full 1.3 220 24 16 0.26 27 160 20 2.31
partial 1.2 220 20 19 0.23 27 150 16 2.39

in all cases, indicating very good agreement between data and fitted
model.

Looking firstly at the Panasonic 3.1 Ah cell. Prior to cycling, the
ohmic resistance for the four cells was very similar and the spread in
all values close to the expected 10% variation as determined above.
The Panasonic cells showed subtle differences between the pre cycling
impedance and the post cycling impedance values for the ohmic resis-
tance, SEI components and charge transfer and diffusion resistances.
However, the main differences observed were related to the charge
transfer capacitance, which decreased by ca. two orders of magnitude
with a concomitant two orders of magnitude increase in the electrode
diffusion capacitance. Based on the data presented in Table V, these
trends are similar for both types of Panasonic cells. Further the data in
Table V also shows that the effect of full or partial cycling is negligible
on the EIS results.

Similar results are obtained for the Sanyo cells. However, SEI ca-
pacitance values do not change as significantly as for the Panasonic
cells. In contrast to the Panasonic data, the Sanyo cells showed ev-
idence for increase in the ohmic resistance. This is attributed to the
degradation of the electrolyte during SEI formation due to a different
electrolyte blend or additive component compared to the Panasonic
electrolyte.

Turning to the UltraFire cells, similar trends to the Panasonic and
Sanyo cells are observed. Changes in the SEI, charge transfer and
electrode diffusion parameters are observed which follow the trends
highlighted above. The main difference that separates the UltraFire
cells from the others is the large increase in the ohmic resistance.
Both the UltraFire cells have a much higher ohmic resistance, before
cycling compared to the other manufacturers. Higher impedances not
only reduce the energy storage efficiency of the cells but also increase
the amount of heating that a given current generates. As elevated

temperatures can lead to notable degradation and potential safety
concerns for Li-ion cells, this is highly undesirable.

This high ohmic resistance explains the cause of the poor discharge
capacity of the UltraFire cells compared to the other manufacturers
and also the poor cycling ability. The ohmic resistance is attributed
to the cell components: electrolyte, current collectors, separators and
active material. The SEI, charge transfer and diffusion components
of the impedance model would suggest that that the active material is
behaving in a similar fashion to the Panasonic and Sanyo materials.
Thus, the poor performance of the UltraFire cells can be attributed
to cell components such as worse quality electrolyte blends or more
resistive separators.

Differential Capacity Analysis

To gain an even deeper insight regarding the cell behavior before
and after cycling, a differential capacity analysis of the cycling data
was conducted.

Figure 8 shows the differential capacity plots for all the cells dur-
ing the second cycle at 1A, corresponding to between 0.2C and 0.38C
for the respective nominal cell capacities. The differential capacity
plot for the Pan3100 cell in Fig. 8a highlights several features. During
charging, the two main broad peaks are found at 3.71 V and 3.99 V,
with further sharp and shoulder peaks found at 3.46 V and 3.63 V,
respectively. Based on previous studies,3'! these features can be at-
tributed to chemical processes of the anode and cathode. The peaks at
3.46 V and 3.63 V can be assigned to graphite processes. The peaks
at 3.71 and 3.99 V are linked to lithium-cobalt oxide intercalation
processes.®® During the discharge process, 3 main peaks at 4.00 V,
3.77 V and 3.48 V and a shoulder at 3.32 V are observed. The former
three are attributed to LiCoO, intercalation and ordering processes,
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Figure 8. Differential capacity plots of all cells prior to experimental testing.
A) Panasonic 3.1 Ah, B) Panasonic 3.4 Ah, C) Sanyo 2.6 Ah, d) UltraFire
4.2 Ah and E) UltraFire 4.9 Ah.

whereas the shoulder can be assigned to graphite. The second type of
Panasonic cells, Pan3400, had a nearly identical plot (Fig. 8b) with
only subtle differences of up to & 0.01 V in some peak voltages.

The Sanyo cells display a notably different profile than both types
of Panasonic cells. As illustrated in Fig. 8c, the difference is a gen-
eral shift in processes, with the graphite processes now occurring at
3.78 V and 3.58 V and the LiCoO, processes now at 3.90 V, 4.00 V
and 3.66 V. The EIS experiments showed that the ohmic resistance of
the Sanyo cell was also slightly higher than for either type of Pana-
sonic cells. Thus, the shifts in process voltages can be directly linked
to the higher cell ohmic resistance.

In the case of the UltraFire 4.2Ah cells (Fig. 8d), the much sig-
nificantly higher ohmic cell resistance caused yet a greater shift in
peak process values. Indeed this effect is so pronounced that it pushes
the LiCoQ, intercalation process to the edge of the cycling window.
Resultantly, the primary processes identified here are due to graphite.
For the second type of UltraFire cells, the UF4900, this effect is even
higher, thereby resulting in little capacity during charging (Fig. 8e).

Figure 9 shows the differential capacity of all the cells follow-
ing the full aging cycling tests. For both types of Panasonic cells
(Figs. 9a and 9b), a very similar plot to that recorded on the first cycle
is observed. Some subtle shifts in both graphite and LiCoO, pro-
cesses in the order of £0.02 V are observed, which can be attributed
to increases in internal cell resistance. This matches with the EIS
data. A small decrease in the differential capacity of ca. 0.1 Ah/V was
also observed. Overall however, the Panasonic cells changed very little
throughout cycling, which is consistent with the cycle ageing analysis.
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Figure 9. Differential capacity plots of all cells after full ageing cycling. A)
Panasonic 3.1 Ah, B) Panasonic 3.4 Ah, C) Sanyo 2.6 Ah, d) UltraFire 4.2 Ah
and E) UltraFire 4.9 Ah (black line shows full ageing cycling and red curve is
partial ageing cycling).

The Sanyo cell showed similar behavior to the Panasonic systems
(Fig 9c) with small peak shifts in the order of +0.03 V as well as
an average decrease in differential capacity magnitude of 1.9 Ah/V
being observed. Clearly, the differential capacity magnitude difference
is much higher then for the Panasonic cells case. However, the EIS
study did show a much higher ohmic cell resistance change for the
Sanyo cell. Thus, the changes in differential capacity can be attributed
to the effect of higher cell resistance on the intercalation processes
and chemical processes of both the graphite and the LiCoO, materials
during cycling.

For the UltraFire cells, much more significant changes were seen.
For the UF4200 cells, the peak voltages change by approximately
£0.05 V. The first graphite process at 3.95 V showed a differential
capacities decrease of 0.2 Ah/V, compared to 0.6 Ah/V for the main
process. During discharging, the LiCoO, process at 3.88 V shows a
decrease in differential capacity of 1.0 Ah/V and the graphite pro-
cess (3.61 V) a decrease of 0.77 Ah/V. For the higher rated UF4900
(Fig. 9e.), all peaks shift by around 40.2 V. Furthermore, for the fully
cycled cells, the differential capacity at the graphite peak at 3.82 V
and at the 4.2 V limit change by 1.2 Ah/V and 0.7 Ah/V, respectively.
These large changes are attributed to the very large ohmic resistances
observed. In addition however, we also hypothesize that the initial lack
of adequate charging of the LiCoO, material also contributes to the
decrease in differential capacity because of breakdown of the anode
material. It should be noted that when cycling the UF4900 cells par-
tially (red curve in Fig. 9¢) then the graphite and LiCoO, discharging
processes at 3.58 and 3.76 V, respectively, are now detectable. This
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supports the above hypothesis, since a reduced voltage range would
result in less material breakdown.

Conclusions

A testing methodology consisting of six stages of testing was pro-
posed and conducted on five commercially available Li-ion cells. Size
measurement found some cells to notably deviate from the format-
associated sizing. These variations have the potential to cause stan-
dardization and exchangeability issues and can further distort battery
development trend analyses that use the format as a baseline for com-
paring energy densities. Initial capacity testing found that the cells
from well-known manufacturers (Panasonic and Sanyo) performed to
within 8% of their rated capacity. Two notably cheaper cell types sold
under the UltraFire label performed much more poorly however. Out
of the eight UltraFire cells tested, one cell entirely failed to accept
and return charge at a rate of 1A, and the remaining cells on average
provided less than 20% of their rated capacity. During cycle ageing
of cells at 1A, corresponding to between 0.3 and 0.5C, the Panasonic
and Sanyo cells showed around 2-6% degradation over an energy
throughput of 700 Wh, equivalent to roughly 50-80 full cycles de-
pending on the individual cell capacity. The lower-priced UltraFire
cells performed more poorly, showing at best 6% degradation for 300
Wh of throughput and at worst more than 10% degradation after less
than 30 Wh. On the basis of energy throughput, the testing did not
conclusively show any difference trends in capacity degradation be-
tween cells aged using full and partial cycles, with voltage limits of
2.8-4.2'V and 3.2-4.0 V limits, respectively.

The electrochemical impedance spectroscopy identified the ohmic
resistance as the main difference between different cells. For the Pana-
sonic and Sanyo cells the ohmic resistance was found to be low, with
a limited rise being observed throughout the cycling. In comparison,
the ohmic resistance of UltraFire cells was found to be around one
order of magnitude higher, which was identified as the cause for the
very low cycling capacity. Other resistances for SEI layers, charge
transfer processes, and diffusion processes were similar for all cells.
The differential capacity analysis confirmed little material breakdown
and internal resistance changes during cycling for the Panasonic and
Sanyo cells. However, the UltraFire cells show significant changes in
their differential capacity curves. These changes are likely partially
caused by the lack of adequate charging of the cathode materials due
the high internal resistance.

Overall, the comparison study shows that lithium-ion cells are far
from equal, and that cell construction quality can significantly affect

Journal of The Electrochemical Society, 162 (8) A1592-A1600 (2015)

cell performance and lifetime. While some cells perform strongly,
others are much weaker, and in extreme cases their high internal
resistances can lead to complete cell failure at a very early stage.

Future work will be aimed at extending the scope of the study to
take into account a wider variety of cells, as well as to determine de-
tailed degradation mechanisms from the EIS and differential capacity
data using methodologies such as presented in Ref. 12.
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