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HIGHLIGHTS

o Harvested electrodes are tested at high discharge and charge rates.
e Several limiting processes were observed within a single 10 s pulse.

e In 10s pulses, the cathodes could be charged at 10C and stay below the 4.2 V limit.

o The anodes voltages went negative at 5C, but the limiting process was diffusion.
e Repeated pulsing with 20C, 10s pulses lead to lithium plating on the anodes.
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Commercial lithium ion cells with different power: energy ratios were disassembled, to allow the electrochemical
performance of their electrodes to be evaluated. Tests on coin cell half cells included rate tests (continuous and
pulsed), resistance measurements, and extended pulse tests. Pulse power tests at high rates typically showed
three limiting processes within a 10 s pulse; an instantaneous resistance increase, a solid state diffusion limited
stage, and then electrolyte depletion/saturation. On anodes, the third process can also be lithium plating. Most of

the cells were rated for a 10 C continuous discharge, and the cathode charging voltage at 10 C was around 4.2 V.
For anodes, the maximum charge current to avoid a negative voltage was 3-5 C. Negative anode voltages do not
necessarily mean that lithium plating has occurred. However, lithium deposits were observed on all the anodes
after 5000 pulse sequences with 10 s pulses at + 20 C.

1. Introduction

Lithium ion cells are being used in an increasingly wide range of
applications. This has led to more specialisation in cell design, with
some cells optimised for high energy density, and others for high power
density. The latter are used in hybrid electric vehicles (HEV), power
tools, and e-cigarettes. Previously [1], a group of commercial lithium ion
cells were disassembled, to measure properties like the areal capacities,
coating thicknesses, and electrode porosities. The electrodes recovered
from these cells also present an opportunity to perform electrochemical
tests. A key observation on the cell specifications was the high current
ratings for discharge, but relatively low ratings for charge. This is not a
particular concern for power tools, where one battery pack is charged
while the spare is being used. Similarly, e-cigarette devices can be
conveniently charged overnight, like mobile phones. However, it is an
issue for HEV batteries, where a typical duty cycle involves high rate
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charge and discharge pulses [2]. In most HEV vehicles, some energy that
could be used for regenerative charging is dissipated in the brakes, to
protect the batteries from high rate charging [3]. Therefore, it is
important to measure the performance of both electrodes at high rates of
charge and discharge, to understand their fundamental limitations.
Charging lithium ion cells at high rates and/or low temperatures can
be detrimental to both electrodes. At the graphite anode, there is a risk of
lithium plating rather than intercalation, once the electrode voltage
drops below 0 V vs. Li/Li". In some electrochemical systems, there is an
over-potential required to nucleate metal deposits, which then grow
more easily, at a lower over-potential [4]. Thus, a negative voltage does
not necessarily mean that lithium will deposit. Lithium deposition and
stripping has a lower coulombic efficiency than lithium intercalation
and de-intercalation, once a stable solid electrolyte interphase (SEI)
layer has formed. SEI material will form on each fresh lithium deposit.
These processes will therefore consume active lithium and electrolyte. A
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Table 1
Lithium ion cells included in this study.
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Manufacturer Model Size Rated Capacity Charge Current Discharge Current/A

/A hr /A Continuous Pulse
Al123 M1A 18650 1.1 4.0 30 N/A
LG HB2 18650 1.5 4.0 30 45
LG HB4 18650 1.5 4.0 (6.0) 30 N/A
LG HG2 18650 3.0 4.0 20 30 (95)
Samsung 25R 18650 2.5 4.0 20 100
Samsung 30Q 18650 3.0 4.0 15 20
Samsung 48G 21700 4.8 4.8 10 35
Sony VTC5A 18650 2.5 2.5 30 N/A
Sony VTC6 18650 3.0 3.0 20 N/A

greater risk is the prospect of dendrites growing through the separator,
creating an internal short circuit. Commercial 26650 cells with an LFP
cathode were charged at low temperatures (- 26 °C to — 20 °C), to
investigate lithium plating [5]. The differential plots dV/dQ and dQ/dV
during discharge were analysed to differentiate between reversible and
irreversible lithium plating. The highest reversibility measured was
93%, at — 20 °C and 60% state of charge.

For high rate charging at the cathode, there is a risk of forming a
higher resistance phase around the predominantly hexagonal or rhom-
bohedral phase particles [6]. A high rate charge pulse can lower the
surface lithium concentration to the point at which irreversible phase
change can occur. There are several examples of NMC materials, where
rock-salt phases have been detected on the surface [7-10]. This can be
associated with processes like transition metal dissolution and oxygen
evolution. Continued high rate charging introduced cracks into
NMC-622 particles [11].

“Harvested” electrodes have been used previously in cell develop-
ment and characterisation studies [12-15]. The degradation mecha-
nisms in 18650 cells were investigated after different cycling and
storage tests [12]. The increase in cell resistance was mainly due to the
NCA cathode (LiNi0,8C00.15A10,0502 or LiNiQsCOo.lAlo.lOz). Side re-
actions at the graphite anode consumed active lithium. Pouch cells
containing LCO (LiCoO,) cathodes and graphite anodes were stored
under trickle charge at different temperatures [13]. The main capacity
loss occurred at the anode, with lithium deposits detected after storage
at higher temperatures. The performance of LCO and NCA cathodes was
compared in 18650 cells, particularly during storage tests at 45 °C [14].
The LCO cathode lost much more capacity than the NCA cathode, or the
graphite anode in either cell. The main difference was the thickness of
the surface layer with a cubic/rock salt structure on the cathode parti-
cles. After two years of storage, the layer was 4 nm thick on NCA, but 9
nm on the LCO. There was also a 20 nm sub-surface layer on the LCO
particles, with a mixed rock salt/a-NaFeO, structure. A variety of
different disassembly and electrode processing approaches were inves-
tigated [15], to achieve consistent cycling performance in the coin cell
tests.

In this work, we investigated the anodes and cathodes from nine
commercial lithium ion cells, using a range of electrochemical tech-
niques to determine the rate limiting processes. The cells were deliber-
ately selected to give a range of different power: energy ratios, amongst
cells from the same manufacturer. The cells included in this work are
listed in Table 1, with various parameters taken from the manufacturers’
data sheets [1]. All the anodes were based on graphite; the Sony, Sam-
sung and LG HG2 anodes also contained some silicon particles. The
A123 cathode used lithium iron phosphate (LFP) as the active material;
all the other cathodes were layered metal oxides i.e.
LiNiO‘8+5C00_15A10‘05_502 (NCA) and/or LiNiXMnyC01_x_y02 (NMOQC).

A variety of different electrochemical tests have been applied to the
harvested electrodes, to measure their resistances and performance at
high rates. Continuous discharge tests were performed at relatively low
discharge rates. Measurements of area specific impedance (ASI) were
made at different states of charge, and using different pulse durations
[16]. The main technique used in this work was high rate current pulse
tests, similar to the Galvanostatic Intermittent Titration Technique
(GITT) [17-20]. The standard GITT involves a series of constant current
pulses at different states of charge, hence the term titration. However, in
most of the tests described here, the state of charge was fixed, and the
current values were increased, to look for divergence from a solid state
diffusion limited mechanism. The standard theory for GITT involves
solving Fick’s second law, using appropriate boundary conditions for the
initial lithium concentration (uniform), and the flux at x = 0 ( current)
and at x = L (zero). For a diffusion limited GITT transient, the voltage is
proportional to t®° and the effective diffusion coefficient can be
calculated using:-

dE dE\ !
<E><W> t << L?/D

In this equation, D is the diffusion coefficient, I is the current, L is the
diffusion path length, E is the voltage and Q is the charge. If experiments
are performed at a fixed state of charge, then the gradient (dE/dt>%)
should be proportional to the current, since D, L and (dE/dQ) are
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Fig. 1. Limiting responses to GITT tests at different rates A) diffusion limited. B) resistance limited.
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invariant. The voltage transients can be used to distinguish between
diffusion limited and resistance limited reaction mechanisms. The two
limiting responses expected are plotted in Fig. 1. For diffusion limited
processes, all the voltage transients start at the rest potential, with the
gradient dependent on the current. For resistance limited processes,
there is an immediate change in the voltage at the start of the pulse,
given by Ohm’s law, and then no further change. In practice, most of the
results are a mixture of these two limiting cases, illustrating that elec-
tronic conductivity and ionic diffusivity both need to be maximised.

There are a number of experimental and modelling studies that
investigate the various limiting processes within cells, generally with the
aim of improving the performance at high rates. Almost invariably, these
considered the total capacity during discharge at different rates. How-
ever, the limiting process during a short pulse may be different to a full
discharge, and during charge different to discharge. Rate data from fifty
published papers was extracted, and analysed using a consistent equa-
tion [21]. At high rates, the capacity was proportional to (Rt) ™", where
R is the discharge rate, 7 is the time constant of the rate limiting process,
and n depends on the type of limiting process. In theory, n = 0.5 for a
diffusion limited process, and n = 1.0 for a resistance limited process. In
practice, values between n = 0.5 and 1.0 were common, and values >
1.0 were also obtained.

Time constants for different processes were an important part of the
analysis of the rate performance of LTO anodes and NMC-111 cathodes
[22]. The discharge capacities at higher rates decreased for thicker
electrodes, implying that the limiting process was ionic diffusion in the
electrode pores. When studying the effects of electrode thickness, it is
important that the conductive carbon remains uniformly distributed,
otherwise thicker electrodes will be compromised. For solid state
diffusion in NMC, the diffusion path length was based on the size of the
primary particles (0.8 pm), rather than the secondary particles (9 pm).
Since t = L2/D, this made two orders of magnitude difference to the
calculated time constant. However, cross-sectional SEM images sug-
gested there was minimal porosity in the secondary particles. This time
constant approach was extended in further work, which developed the
concept of a diffusion limited C rate or current [23,24].

Time constants also feature in a modelling investigation on the
limiting processes in lithium ion cells [25], based on the pseudo two
dimensional model (P2D) [26]. Three time constants were found to be
important; for lithium transport in the electrolyte and the active mate-
rials, and for lithium ion depletion at the electrolyte/electrode interface,
along with two resistance values in each electrode. If all three time
constants were of similar magnitude, then the cell was not limited by the
transport of any particular species. For thicker electrodes, the cell was
limited by mass transport across the separator. At higher rates, the
limitation was local depletion of the lithium ions around the active
material particles. A similar modelling approach found a significant
effect from electrode thickness at higher discharge rates [27]. Options to
improve the rate performance included smaller particles of the active
materials, and a higher lithium salt concentration in the electrolyte.

A comprehensive review of limiting processes in lithium ion cells
focused on charge transfer reactions, rather than diffusion [28]. At each
electrode, there is a series of process steps including desolvation of the
lithium ion, transport though the SEI layer, and electron transfer. The
paper states that electron transfer at the anode results in a lithium atom
intercalated into the graphite. Spectroscopic data usually indicates that
lithium in graphite is more ionic than atomic, so that the electron is
transferred to and from the graphite, as with the transition metals in
cathode materials. For example, EELS measurements on LiCg suggested
that the lithium is closer to LiCl than to lithium metal, though LiCl is less
fully ionised than LiF [29]. Similarly, modelling studies of silicon anode
materials calculated that 70% of the electron charge sits on the silicon,
with only 30% on the lithium [30]. Irrespective of the actual electron
transfer mechanism, there are several possible limiting steps. Temper-
ature can have a big influence on which one predominates, with the SEI
resistance strongly temperature dependent.
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A detailed investigation of the rate limitations of NMC, LFP and NMC
+ LFP cathodes used a combination of electrochemical and spectro-
scopic techniques [31]. Below a threshold rate, the capacity was limited
by various contributions to the cell resistance. Above it, the limiting
process was ionic diffusion into the electrode pore structure. There was a
complicated interaction between the binder and carbon black contents
and the tortuosity of the pore structure, as shown by x-ray tomography.
Fast charging has been investigated in NCA/graphite cells, with
impedance measurements of the individual electrodes facilitated by a
lithium metal reference electrode [32]. Charge rates of up to 10 C could
be used without lithium plating at the anode, because the cells had a
high cathode to anode impedance ratio.

2. Experimental

The cylindrical lithium ion cells were discharged to their lower
voltage limit, and then opened in an argon filled glove box. After un-
winding the cell coil, the electrodes were immersed in anhydrous
dimethyl carbonate (DMC) overnight, to remove any residual electro-
lyte, followed by drying at room temperature. Pieces of anode and
cathode were transferred to the dry room (dew point < - 40 °C), inside a
sealed container, as required. Most of the anodes showed some delam-
ination during the initial unwinding, particularly on the inside winding
close to the centre of the coil. Therefore, the pieces that were used to
make coin cells were effectively single sided. There was much less
delamination on the cathodes, so double sided pieces were used to make
cells. This avoided any damage to the coating during the scraping of one
surface. There is also relatively little current flow on the reverse side of
the electrode, due to the relatively low conductivity of the electrolyte.

The electrodes were made into coin cell half cells, with a lithium
metal counter electrode. The separator used was Celgard® H1609, and
the electrolyte was 1 mol dm 3 LiPF in EC: EMC 3 : 7 wt%, with 2 wt%
VC. For the extended pulse tests, a second separator layer of GF/A (glass
fibre A) was used between the H1609 and the lithium metal. This
minimised the risk of dendrite formation during the tests. The formation,
rate tests, and ASI tests were performed on a BCS-805 unit, with channel
limits of 0-5 V and +150 mA. The high rate current pulse tests used a
Maccor 4000 unit, with limits of - 2 V to +8 V, and +5 A. For the
graphite and graphite + silicon anodes, the voltage limits used were
0.005-1.5 V. The cathodes used 2.5-4.2 V, with a CC-CV charge pro-
tocol, apart from the A123 M1A cathode. This contains lithium iron
phosphate (LFP) as the active material, so the limits were 2.5-3.95 V,
with no constant voltage stage. All of the tests were performed at 25 °C,
with the cells inside an environmental test chamber.

The test protocol used for area specific impedance (ASI) measure-
ments was based on a paper [16] that under-pins the BatPac Model [33].
Following a full charge (lithiation), pulses were performed at every 10%
state of charge (SoC). The pulses were a 10 s discharge at 1.8 C, followed
by a 40 s rest, and then a 10 s charge at 1.2 C. The cells were allowed to
rest for 1 h, after each change of state of charge. Further tests involved 2
s pulses at 50% SoC, and 30 s pulses at 20% SoC.

The high rate pulses were performed with the cells at a nominal 50%
state of charge. The NMC and NCA cathodes were charged to 3.75 V, and
anodes lithiated to 0.2 V, using CC-CV protocols. For the LFP cathode in
the M1A cell, the cells were charged to 50% of the previously measured
capacity. The test protocol used alternating discharge and charge pulses.
A low rate charge or discharge pulse was used to return the SoC to the
original value, before the next high rate pulse. The tests used a 30 min
rest between each pulse, to ensure full relaxation before the next pulse,
as 40 s rest was found to be insufficient. The twelve 2 s duration pulses
were followed by twelve 10 s pulses.

Electrodes from the extended pulse tests were examined using a
Hitachi TM3030 Tabletop scanning electron microscope (SEM), fitted
with an Oxford Instruments Energy Dispersive Spectrometer (EDS) with
a 30 mm? target area. After testing, the cells were disassembled in an
argon filled glove box, and the electrodes were rinsed in anhydrous
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Fig. 2. Summary of rate tests using electrodes from different cells A) anodes and B) cathodes.

DMC. Segments of each electrode were sealed in bags for transfer to the
analysis building. However, the electrodes were exposed to wet air for a
few minutes during mounting on the SEM stubs, and placement in the
SEM chamber.

3. Results and discussion
3.1. Rate tests (continuous)

All the original cells had been through the manufacturers’ formation
and ageing protocols, and at least one cycle. Some of the SEI components
may have dissolved in DMC during the cell disassembly process, and
others may have hydrolysed in the dry room. Therefore, the first test was
a slow cycle at + C/10, which was considered sufficient formation. This
was followed by a series of rate tests, with a C/5 charge (lithiation)
before each discharge (delithiation) at C/5, C/2, C or 2 C. Some typical
results for each cell type are plotted in Figures S.1 and S.2, for anodes
and cathodes respectively. There was a first cycle loss on the anodes,
associated with the formation of a fresh SEI layer, in a generic rather
than specific electrolyte.

A convenient method to analyse rate data is to plot the ratio of the
discharge capacity at 2 C to the C/5 capacity, as shown in Fig. 2. At least
three cells were made with each type of electrode. The spread in the
points indicates variations in both coat weight and power capability,
between nominally equivalent cells. For the anodes there was a clear,
almost linear trend with coat weight. As already observed [1], cells with
a high power: energy ratio have a lower areal capacity, which generally
correlates with a lower coat weight. The Samsung 48G cell is optimised
for maximum energy density, and therefore has the highest coat weight,
and the poorest 2 C performance. The cathodes showed a similar rela-
tionship between 2 C: C/5 capacity ratio and the active coat weight.
Again, the 48G cathodes had by far the highest coat weight. On average,
the 2 C: C/5 ratios were lower for the cathodes than for the anodes. Only

one M1A cathode cell is plotted, because the other three cells all had
values > 100%. These cells needed more than one conditioning cycle to
reach a stable capacity value, and were therefore excluded.

3.2. ASI measurements

After the rate tests had been completed, the cells were subjected to a
series of pulses, to measure values for the area specific impedance (ASI).
This is an important parameter when assessing the power of an electrode
or cell, and is used in, for example, the BatPac model spreadsheet [33].
The individual cell results are plotted in Figures S.3 and S.4, for anodes
and cathodes respectively. In these graphs, the blue points are the
calculated ASI values for discharge (delithiation), and the red points
were for charge (lithiation). The 2 s pulses at 50% gave slightly lower
ASI values than the 10 s pulses, and the 30 s pulses at 20% SoC slightly
higher.

To compare the results for the different cells, the ASI values for the
10 s pulses were averaged over a range of states of charge. These values
are plotted in Fig. 3. With a fixed electrode formulation, the ASI is
inversely proportional to the coating thickness, giving higher ASI values
for thinner coatings and lower coat weights [16]. For these cells, the
variations between different manufacturers, electrode formulations, and
active materials were more important. To allow comparisons between
the cells, the figures include lines differentiating between high, medium
and low ASI values, calculated from the reciprocal of the coat weight. On
this basis, the M1A cathode, VTC5A anode and HB4 anode had relatively
low values, and the HB4 cathode, HG2 anode and 48G anode and
cathode had relatively high values. As already observed, the 48G cell is
optimised for energy density, and would therefore be expected to have
higher resistance values. An interesting observation is that manufac-
turers do not always achieve low resistance at both electrodes; for
example, the M1A cell (moderate anode, great cathode) and the HB4 cell
(good anode, okay cathode).
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Fig. 3. Summary of ASI measurements in half cells using electrodes extracted from different cells for A) anodes and B) cathodes.
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Fig. 5. Voltage gradients during +20 C pulse measurements for A) anode and B) cathode.

3.3. Rate tests (pulse)

In HEV applications, the cells experience a series of high rate charge
and discharge pulses, corresponding to periods of regenerative braking
and acceleration. Therefore, it is more representative to test the elec-
trodes under pulse conditions, rather than using a high rate continuous
discharge. A series of 2 s pulses were performed, at increasing rates,
followed by a matching series of 10 s pulses. The cells were nominally at
50% state of charge, and 25 °C. Using short pulses with an extended rest
step between them avoids the issue of increasing cell temperature,
which is often the limiting factor in high rate continuous discharges.

The experiments generated a large amount of data. Representative
examples of voltage vs. t*° plots for anodes and cathodes, during the 10
s pulses, are given in the supplementary information, Figures S.5 and
S.6. At low rates of charge and discharge (lithiation and delithiation),
there was good linearity in the plots. However, at higher rates, the
voltages curved away from a straight line, suggesting that diffusion in
the active materials was no longer the limiting process. Other limiting
processes are discussed in greater detail later in this paper.

Another observation from the voltage transients is that the cells
showed intermediate behaviour between the two limiting cases plotted
in Fig. 1. There was an immediate voltage change at the start of the pulse
(resistance), and then a continuing voltage change during the pulse
(diffusion). Fig. 4 shows the voltages values after 0.1 s of the +20 C
pulses. The dotted lines show the voltage values at rest, before the start
of the pulse. The results for the 48G cell were excluded from these
graphs, because the voltage changes were significantly larger than the
other eight cells. During lithiation, the initial anode voltages were below
0V vs. Li/Li" at 20 C, and indeed even at 6.7 C. During delithiation, the
voltages increased to around 1 V vs. Li/Li". The voltage changes seemed
to be roughly symmetrical i.e. the charge and discharge resistances were
equivalent. The voltage changes at the start of the charge and discharge
pulses for the cathodes also seemed to be reasonably symmetrical.

Table 2

Maximum rates for harvested electrodes under diffusion control.
Manufacturer Cell Anode Cathode

Type Lithiation Delithiation Charge Discharge

A123 M1A 20.0 10.0 20.0 30.0
Sony VTC5A 20.0 20.0 13.7 10.0
Sony VTC6 13.7 10.0 13.7 10.0
LG HB2 13.7 10.0 20.0 20.0
LG HB4 6.7 10.0 6.7 20.0
LG HG2 13.7 20.0 13.7 10.0
Samsung 25R 20.0 20.0 20.0 10.0
Samsung 30Q 20.0 20.0 13.7 10.0
Samsung 48G 1.2 1.8 6.7 5.0

During the charge pulses, the cell voltages jumped immediately to
around 4.2 V.

Fig. 5 shows the gradients of voltage vs. t*° during the linear region
of the transient, again for +20 C pulses. The results for the 48G cell were
also excluded from these graphs, since the gradients were much higher
than the other cells. The voltage gradients for the 48G cells during
delithation at 20 C were 2.0-3.6 Vs> compared to 0.1 Vs~ for most
of the other cells. Unlike the resistance measurements, the gradients of V
vs. t%5 were not symmetrical, with smaller values during lithiation than
delithiation for the anodes, and for charge than discharge, for the
cathodes. The gradients of V vs. > were calculated from the initial,
linear section of the transient. In many of the measurements at higher
rates, the voltages curved away from a straight line.

For some of the anode lithiation transients at 20 C, the gradient was
positive, and these values are excluded from the Fig. 5. It seems unlikely
that the positive gradients were caused by the onset of lithium plating,
because the voltages eventually decreased. They could be caused by
heating from the high localised current, which would reduce various
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Table 3
Protocol designations for extended pulse tests.
Protocol Delithiation Lithiation Delithiation/s Lithiation/s
#1 #2 #3 #4 #1 #2 #3 #4
Al 20C 1.0C 20C 1.0C 10 35 10 35
A2 20C 1.0C 20C 1.0C 2 43 2 43
A3 2C 0.1C 2C 0.1C 10 35 10 35

resistances. They could also be due to the electrode relaxing after an
initial shock at the start of the pulse. The maximum rates under diffusion
control are collected in Table 2. For the M1A, VTC6, and HB2 anodes,
the lithiation rate was higher than the delithiation rate. Similarly, for the
VTC5A, VTC6, HG2, 30Q and 48G cathodes, the charge rate was higher
than the discharge rate.

A number of observations and conclusions can be drawn from these
experiments:-

- There was an immediate voltage change at the start of the pulse, due
to the resistance contribution.

For the anodes, the maximum lithiation rate that could be sustained
above 0 V vs. Li/Li* was 3-5 C. However, higher rates could be
sustained under diffusion control, which suggests that lithium
plating might not actually be occurring. The cells were not disman-
tled to look for any evidence of lithium plating, because of the
limited number and duration of the high rate pulses involved.

For the cathodes, the maximum lithium rate that could be sustained
below 4.2 V vs. Li/Li" was around 10 C. This is the maximum cell
charging voltage, according to the data sheets. The LFP cathode in
the M1A cell reached the 3.6 V cell charge limit at around 10 C.
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- After the initial resistive increase, the electrodes then switched to a
diffusion limited process, as indicated by the linearity of the voltage
vs. t%° plots.

- At higher rates of charge and discharge, a different limiting process
took over part way through the 10 s pulses.

- There was asymmetry in the effective diffusion coefficients between
charge and discharge, for both the anodes and cathodes, with faster
diffusion during charge than discharge (at the cathodes) and for
lithiation than delithiation (at the anodes).

3.4. Extended pulse tests

The previous section looked at single pulse tests at relatively high
rates. However, in a real HEV application, the cells will experience
thousands of charge and discharge pulses. Therefore, extended pulse test
protocols were developed, to provide a more representative evaluation.
Table 3 lists three anode half cell protocols, derived from the 90 s charge
sustaining tests in a HEV test manual [2]. The pulse sequences were
charge neutral, to maintain the initial state of charge. The delithiation
voltage limit was reduced from +8 V to +3 V, to prevent copper
dissolution. A complete set of 5000 pulse sequences lasted around five
days, so overall this was a highly accelerated test.

In preliminary tests, protocol A3 caused minimal changes to the cell
voltage and resistance, over the complete 5000 cycles. Protocol A2
caused some changes, with increased cell voltages during the 20 C
delithiation step. However, protocol A1 was a much greater challenge.
Therefore, it was decided to focus on this test, and look for differences
across the range of available anodes. After a formation cycle, the anodes
were lithiated to 0.15 V vs. Li/Li", before the start of the pulse se-
quences. A capacity check cycle was performed after the pulse tests.
After the electrochemical testing, the cells were disassembled, and the
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Fig. 7. SEM images of HB2 anodes after 5000 pulse sequences for A) graphite particles and B) “oxide” layer.
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electrodes extracted for SEM/EDS analysis.

In most of the tests, there was a sequence of degradation steps. This is
illustrated in Fig. 6, for a Samsung 30 Q anode. Equivalent graphs for all
nine anodes are plotted in the Supplementary Information, Figure S.7.
To keep the data files to manageable lengths, data was only recorded on
every tenth pulse cycle. The stages were:-

- Anincrease in the cell voltage during the 20 C delithiation step (cycle
31).

- The cell voltage reached 3 V before 10 s, and the pulse was truncated
(cycle 41).

- The C rate lithiation pulse was cut to maintain the state of charge
(cycle 51).

- The 20 C lithiation pulse was shortened (cycle 501).

- Lithiation at 20 C was no longer possible (cycle 1201)

The point at which the anode could no longer be lithiated at 20 C was
defined as the point of failure. The actual test times are collected in
Table S.1. In every case, the pulse sequences were truncated by the
voltage limits, and the average duration of the pulses sequences was
much less than 90 s. The table also includes the delithiation capacities
from the formation and post pulse capacity check cycles. Although the
performance at high rates had been compromised, there was still some
capacity for cycling at + C/10.

When disassembled, all the cells showed silvery metallic deposits on
top of the anode coating. Frequently, parts of this flaked off during
handling, or transfer to the SEM. Where possible, SEM images and EDS
maps were recorded in both the silvery and dark regions of the electrode.
SEM images from both regions are shown in the Supplementary Infor-
mation, Figures S.8 and S.9. Example SEM images for an HB2 anode are
shown in Fig. 7. The dark regions were similar to the original coatings, as
extracted. There were some lighter, wispy deposits in the pores of the
electrode structures. These deposits could block ionic diffusion in the
pores, and therefore reduce the rate capability of the electrode
significantly.

The silvery SEM deposits were completely different. They formed a
reasonably coherent layer on the original coating, though with some
granular structure. They were classified as an “oxide” layer, because of
the greatly increased oxygen content. Figure S.10 plots the carbon: ox-
ygen ratios for three sample types; the original anode (~5 at% oxygen),
the anode coating after the extended pulse tests (15-20 at% oxygen),
and the oxide layer (>60 at% oxygen). The silvery deposit was almost
certainly lithium metal. The extended pulse test protocol produced a
relatively thick, dense deposit, rather than the dendritic lithium often
observed. Unfortunately, lithium cannot be detected using standard EDS
equipment. The sample transfer from the cell disassembly glove box to
the SEM vacuum chamber minimised the exposure to air, but did not
eliminate it. Therefore, any metallic lithium would have acquired an
oxide coating.

3.5. Discussion

In almost every test at higher rates, the voltage vs. t*° transients
curved away from a straight line, during the 10 s pulses. For typical
particle sizes and diffusion path lengths, it is very unlikely that the limit
t <« L2/D has been exceeded. Therefore, a different (tertiary) limiting
process took over, during both charge and discharge, at each electrode.
One candidate is voltage drop across the separator. However, the ter-
tiary limiting process was observed at currents of only 50 mA cm ™2, and
separate tests showed that the H1609 separator could operate up to at
least 200 mA cm ™2,

One process that is known to cause sudden changes of voltage is salt
depletion in the electrolyte. During high rate discharge, lithiation of the
cathode can consume all the lithium ions in the electrolyte around the
cathode particles. This causes a drop in ionic conductivity, and hence the
electrode voltage. Similarly, during high rate charge, the same scenario
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can occur at the anode. However, this process only works in one direc-
tion at each electrode, and the limiting process was observed in both
directions. Therefore, given that the limiting process occurs at both
electrodes, in both current directions, the most likely explanation is that
the surface concentration of lithium in the active material particles is
either zero or 100%. If the delithiation current at a particle is faster than
the diffusion flux can supply, then the surface concentration will even-
tually reach zero. The boundary condition used in the GITT model is that
the current is proportional to the surface concentration gradient I =
nFAD.(dc/0x); [17]. When the surface concentration reaches zero, the
gradient will decrease, and the voltage will no longer follow the > line.
Similarly, during high rate lithiation, the surface concentration can rise
to 100%, at which point the concentration gradient will again decrease.
Mlustrative concentration profiles are plotted in Figure S.11. This also
has implications for lithium plating at the anode. Plating is usually
considered to be a nucleation and growth process i.e. there is an energy
barrier to create a nucleus of sufficient size to be stable, which can then
grow much more easily. In these circumstances, anode voltages would
be expected to decrease and then rise again. This is illustrated in Fig. 8.
In practice, all the voltages went straight down to the machine limit of —
2 V. Obviously, this does not prove that lithium plating did not occur
during this particular pulse, but is does suggest that negative anode
voltages do not automatically lead to lithium plating.

A similar interpretation was reached in pulse charging tests on
graphite anode half cells [34]. The pulse durations were adjusted to keep
the same change in state of charge for the different rates, from around 1
min at 10 C to 10 min at 1 C. The onset of plating was detected at around
15 s at 10 C, and 40 s at 5 C. Lithium plating produced a grey deposit,
which revealed a “net like” structure covering the graphite particles
under higher magnification. There was no indication of lithium plating
during the 1 C pulse, even though the cell voltage was negative.

Overall, the proposed tertiary limiting mechanisms are:-

Anode

Lithiation  Saturation of lithium in surface layer of anode particles or
Depletion of lithium salt in electrolyte next to particles
Anode  Delithiation Depletion of lithium in surface layer of anode particles
Cathode Charge Depletion of lithium in surface layer of cathode particles
Cathode Discharge  Saturation of lithium in surface layer of cathode particles or

Depletion of lithium salt in electrolyte next to particles

Another interesting observation was the asymmetry in the V vs. >
gradients between charge and discharge. To investigate this in greater
detail, Table 4 collects values for charge and discharge gradients at + 20
C, where these had the correct sign. It was possible to make a compar-
ison of these gradients for fifteen electrodes. In thirteen of these tests,
the gradient was noticeably higher during discharge than during charge
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Table 4
Ratio of high rate pulse gradients at + 20 C.
Manuf. Cell Anode Cathode
Lithiation Delithiation Ratio Charge Discharge Ratio
A /V 505 /% A /V s705 /%
A123 MI1A N/A 0.106 N/A 0.046 —0.067 146
Sony VTCS5A —0.041 0.087 214 0.066 —0.090 137
Sony VTC6 —0.057 0.113 196 0.074 —0.247 332
LG HB2 —0.034 0.262 771 0.034 -0.123 364
LG HB4 —0.049 0.050 101 0.049 —0.199 401
LG HG2 N/A 0.276 N/A 0.054 —0.093 171
Samsung 25R —0.060 0.061 103 0.053 —0.095 180
Samsung 30Q —0.042 0.099 237 0.038 —0.154 399
Samsung 48G —-0.274 0.689 251 N/A —0.199 N/A

(for cathodes), and for delithiation compared to lithiation (for anodes).
In the other two tests, the gradients were effectively the same. This is a
clear example of asymmetric diffusion, which has two main causes;
geometry and heterogeneous diffusion layers. In the former, the struc-
ture of the substrate makes diffusion easier in one direction than the
other. For example, if the pores in an electrode are tapered, diffusion is
faster from narrow to wide than vice versa [35]. More generally, it is
easier to diffuse out from a lower porosity area to a higher porosity area
[36]. Diffusion across two layers with different properties can also lead
to asymmetric diffusion [37,38]. Frequently, there is a step change in
concentration at the interface between the two layers.

Asymmetric diffusion has been observed here in anode and cathode
half cells. At the cathodes, this could be due to geometric factors. During
charge, lithium ions move out through the electrode pores, towards the
separator. This should be easier than diffusion back into the electrodes,
during discharge. However, the anodes have similar porous structures.
Therefore, diffusion should be enhanced during delithiation over lith-
iation, which is the reverse of the experimental results. Thus, the
diffusion process observed is more likely to be solid state diffusion in the
active material particles, with asymmetric diffusion caused by hetero-
geneous layers. The anode SEI is known to form a coherent layer around
the graphite particles. The lithium ion diffusion coefficient is likely to be
different in the graphite and SEI, along with different layer thicknesses
and concentrations of sites. The cathode interphase layer is much less
well characterised, and is often considered patchy rather than coherent
[39]. However, cathode particles often have surface layers with a
different structure and/or composition from the bulk particles [6-10].
This can be caused by mild hydrolysis during cell manufacturing, or
operation at high rates or to high voltages.

4. Conclusions

The aim of these experiments was to understand the limiting pro-
cesses that occur in the electrodes from commercial lithium ion cells,
especially during charging at high rates. This is a particular concern for
HEV applications, where regenerative braking energy is wasted, to
protect the batteries and extend their operating life. For this reason,
short duration, high rate pulses were applied to the anodes and
cathodes.

In half cell tests, the diffusion rates at both the anodes and cathodes
were faster during charge than for discharge, which will help fast
charging. This asymmetric diffusion is probably due to heterogeneous
layers in the active materials i.e. the SEI layer on the anodes, and surface
layers with a different structure on the cathode particles.

However, fast charging is likely to be restricted by the electrodes
resistances. There was an immediate voltage change when the high rate
pulses were applied. The maximum current that could be applied to the
cathodes, at the rated charging voltage limit for the cells, was around 10
C. For the anodes, the limit was 3-5 C, before the voltage went negative
of the lithium metal counter electrode. This introduces the possibility of

lithium plating. Another issue is that the diffusion limited process could
not be sustained through many of the high rate, 10 s pulses. This is most
likely due to the lithium concentration at the surface of the particles
reaching either 0% or 100%.

For all the anodes, lithiation at 6.7 C continued to be diffusion
controlled, even though the electrode voltages were negative. There was
no evidence of nucleation and growth of lithium particles in the voltage
transients. However, it will be very difficult to reduce the resistance of
the anode to the point at which the voltage does not go negative during
high rate charging. Extended pulse tests did lead to lithium metal de-
posits, which tended to be coherent rather than dendritic. There was a
surprising difference between the test protocols involving +£20 C/2 s and
+20 C/10 s pulses. The former caused steady increases in the electrode
resistance, the latter damaged the electrodes very quickly.
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