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1. Cell Selection1

In order to group the cells, the capacity and series resistance were considered for grouping.2

As shown in Figure S1 b, there was a marginally higher resistance group of six cells, and3

these cells were discarded from selection. The next highest resistance cell was then removed4

to leave twelve cells to produce six 1S2P packs, and the cells were then sequentially grouped5

by their corresponding R0 values to leave six pairs, shown in Figure S1 e-j. As can be6

seen, the resultant deviations in both capacity and impedance were small, with all resistance7

differences minimised to below 0.45 % (5.72 µΩ) and capacity differences to below 0.85 %8

(42.3 mAh), excepting pair 3 which showed a larger deviation of 1.314 % (65.6 mAh). Despite9

this, the spread at SoL was deemed acceptable and the cell pairings were subsequently used10

as shown.11

Of the remaining cells from the batch, the group of 4 cells with approximately 5 Ah12

capacity and 1.31 mΩ R0 were used for single cell baseline testing, and the remaining lowest13

R0 cell was set aside to be used to provide an EIS baseline over a full temperature range, as14

based on the single spectra EIS results shown in Figure S1 a, the impedance response of all15

cells from the batch at SoL was highly consistent. To provide a baseline cell for comparison16

during cell disassembly, a final cell was selected and torn down for imaging.17

2. Test Bench Development18

In order to apply a desired thermal gradient to the cells within the packs, by controlling19

the thermal boundary conditions, it was required to directly control the surface temperature20

of the cells. This was accomplished using Peltier elements to either cool or heat an aluminium21

heat distribution plate which was in direct contact with each broad face (top and bottom)22

of the cell. The use of heat distribution plates of high thermal conductivity ensures that23

a homogenous temperature is applied to the cell surface, and similar designs (of which a24

schematic cross-sectional diagram and CAD image are shown in Figure S2 a and b) were25

used for both the 1S6P and 1S2P test benches. In both cases, the upper cooling plates were26

removable to allow insertion of cells as required, using 4 M4 screws. In all cases, the screws27

were torqued to 0.75 Nm to ensure consistency of the thermal contact between the cell and28

heating plate. While either thermal paste or thermal interface material would have improved29
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Figure S1: Measured capacity and impedance of cell batch, and allocated cell pairs for 1S2P aging exper-
iments, showing ∆R and ∆Q. a) Cell impedance at 50 % SoC, 20 °C for all 19 cells. b) Resistance and
capacity scatter plot for all 19 cells. c) Fitted R0 values for all cells. d) Measured capacity for all cells at
0.04 C. e) Pair 1. f) Pair 2. g) Pair 3. h) Pair 4 i) Pair 5. j) Pair 6.
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the thermal contact between the plates and cell surfaces, this was not used to simplify the30

setup procedure of the test benches, an important consideration given the test bench was31

designed such that cells could be removed regularly for interim characterisation.32
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Figure S2: Schematic representation of Peltier surface cooling assembly. a) Cross-sectional schematic of
assembly. b) 3-D CAD representation of surface cooling assembly

Peltier elements have been previously used by researchers in the Imperial College Elec-33

trochemical Science and Engineering group to produce a variety of thermally controlled test34

benches to probe performance of LIBs under a range of thermal conditions [1, 2, 3]. Two35

versions of the Peltier control system were used in this work. As the Peltier elements operate36

at a relatively low efficiency, and in the case of cooling, the cell will heat on the reverse side,37

a method for rejecting this waste heat was required. To accomplish this, a water-cooling38

circuit was used in both test benches, with a chiller providing cool (15 °C) deionised water39

to the aluminium water blocks which were attached via a thermal interface compound to the40

elements.41

For the 1S2P test bench, power was supplied via a custom H-bridge motor controller42

designed and built for control of Peltier elements. In order to control the temperature of43

the system a Proportional Integral Derivative (PID) control scheme was implemented and44

programmed in a custom applet in C#. The PID coefficients were tuned using the Zeigler-45

Nicols method to estimate parameters for a no-overshoot controller. The temperature at the46

centre of each heat distribution plate was measured using a single K-Type thermocouple,47

situated at the centre of the cooling plate, using PicoLog TC-08 data logger. The applet48

received temperature data from the TC-08 and calculated the required heating or cooling49

power based on a setpoint in the software, which was then sent via a serial connection to50

an Arduino Mega 2560 in the control box. This microcontroller in turn provides an enable51

signal, direction and pulse width modulated power signal to each slave motor controller52

board. This system could maintain a controlled setpoint temperature to within ± 0.10 °C53

at the temperature measurement point over the required operating range (20.0 – 45.0 °C)54

with applied C-rates of up to 3 C.55

In order to carry out multiple degradation experiments simultaneously, a test bench was56

developed for testing 6 1S2P parallel cell strings. PCBs were designed and used as busbars57

with inserted interconnection and current sense resistors. As it was essential to be able to58

rapidly change the cells, as it was intended to characterise cells from the packs individually59

during degradation, toggle clamp retained contact blocks were used to make cell connections,60

and the PCB was soft-gold plated to reduce contact resistances. Typically contact resistances61
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measured 200-250 µΩ and so in all cases contact resistance was measured using a Keithley62

2182A Bench Digital Multimeter to ensure consistency of contact resistance between runs63

and cells within the pack.64
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Figure S3: Schematic representation of 1S2P surface cooled test bench

A schematic layout of the 1S2P pack test bench is shown in Figure S3. In this con-65

figuration, currents and temperatures are logged using TC-08 dataloggers. PID control is66

implemented in an applet running on the PC, which reads the temperatures and then seri-67

ally communicates the desired control point to the Peltier Controller, with an Arduino Mega68

2600 handling onboard control. Figure S4 a shows an image of the overall configuration of69

the pack test bench, configured to test 6 1S2P packs. As can be seen, the test bench was70

built in a rack cage, with the battery cycler (BaSyTec 50 A XCTS G1), PC and custom71

Peltier controllers at the top, and the water chiller at the bottom of the rack. The individual72

pack test fixtures were distributed between on three full depth pull out shelves, with two73

fixtures per level, as shown in Figure S4 b. Each shelf contained both the test fixtures and74

PicoLog TC-08 dataloggers used for current and temperature sensing and was designed to be75

self-contained. The levels were separated by 1 mm Mild Steel sheeting to provide isolation76

in the event of cell failure and fire.77

In the 1S2P test bench, cooling water was provided by a CW-5200 Chiller with an78

internal pump. The coolant, deionised water, was distributed to each level of the rack via79

quick disconnect fittings to allow rapid maintenance and switchover of cells. The pipework80

was designed to ensure a similar length flow path through each individual pack test fixture,81

to ensure sufficiently low temperature coolant was available for heat rejection from each82

Peltier element. A spill tray was attached below each level to ensure any coolant leaks would83

be collected and returned to the sump at the bottom of the test bench.84

Both test benches required calibration of resistances and sensing in order to ensure accu-85

rate measurement of currents, and to ensure consistency between modelling and experimental86

results. Current sensing within the parallel cell strings was accomplished using current shunt87

resistors to measure the individual string currents, as well as the total applied current to the88

pack. Current sense resistors with a nominal value of 1 mΩ and 2 mΩ were used (Bourns89

CSS4J-4026R-1L00F and CSS4J-4026R-2L00F respectively) with a nominal 1 % accuracy.90
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Figure S4: Annotated images of 1S2P pack testing rig. a) Full system. b) Layout of 2 pack fixtures on a
rack shelf

These current sense resistors were in part selected due to their 4-wire configuration allow-91

ing for increased measurement accuracy alongside their low temperature coefficient of 7592

ppm/°C, which ensures that resistive heating of the current sense resistors does not lead to93

drift in current measurements.94

In both cases, once assembled, the resistances of the busbar boards and current sense95

(or shunt) resistors were measured using a potentiostat (Biologic VMP-3) to apply a current96

over the current sense resistors, and the voltage drop over the current sense resistors was97

measured using the sense cables attached. A linear voltage sweep between the working98

and counter electrodes, slewing at a rate of 2500 mV/s between 0 and 10 mV (selected to99

give a peak current of approximately 10 A, the maximum allowable current that could be100

applied with the VMP-3). The true resistance of the current sense resistors was calculated101

by fitting a straight line to the current response, meaning that the gradient of the line gave102

the resistance of the cell, by Ohms law. For calibration of various resistances throughout the103

busbar the same approach was used, measuring the response between marked points on the104

busbars.105

Once calibrated, the voltage drop across each current sense resistor was recorded in the106

1S2P test bench using a PicoLog TC-08 data logger, which has a 20-bit analogue-to-digital107

converter, therefore giving a voltage resolution of 67 nV in the ± 70 mV range. In the108

1S6P test bench, a PicoLog ADC-24 datalogger was used, with a 24-bit analogue-to-digital109

converter, giving a voltage resolution of 2.3 nV in the ± 39 mV range. Given the current110

sense resistor values and expected operating currents this is an adequate resolution to ensure111

accurate recording of cell currents.112

In order to ensure that the cell surface temperature was controlled to the desired setpoint,113

a calibration cooling plate was manufactured with 4 additional thermocouple slots milled into114

the surface. K-type thermocouples were embedded into this plate using thermal epoxy, at115

locations shown in Figure S5 a, and the plate was setup in one of the 1S2P pack test fixtures.116

A cell was introduced and cycled at 2 C to test the uniformity of cell surface temperature117
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with a heat-generating cell introduced. After the setpoint was set to 20 °C and allowed to118

settle, a 600 s discharge followed by a 600 s charge was applied. The setpoint was then119

moved to 45 °C and the process repeated.120

Figure S5 b shows the temperature at each measured location and the applied current.121

It is expected that the outer measurement points will be at a slightly lower temperature,122

as the Peltier element is both situated centrally, leading to some convective temperature123

loss towards the edges of the plate. Additionally and the control sensor used is TM, which124

will also lead to somewhat lower temperatures further from the plate midpoint. As can be125

seen in Figure S5 c, the heating plate performed well, with a maximum difference between126

measurements (typically between TR,O/TL,O and TM) of 0.82 °C at a setpoint of 20 °C, and127

a maximum difference of 1.26 °C at a setpoint of 45 °C. The plate was also moved over the128

entire temperature range used in the study (20-45 °C) and rested at each setpoint for 600 s129

to evaluate the system settling time (Figure S5 d). The maximum difference was again found130

to occur at a setpoint of 45 °C, due to the increased temperature difference between the plate131

and ambient air leading to increased convective losses. The maximum temperature difference132

in this case (Figure S5 e) was found to be 1.27 °C. As the magnitude of thermal gradients133

under investigation was an order of magnitude greater than the maximum temperature134

differences measured, including under typical cycling loads, the surface cooling test fixtures135

were deemed sufficiently accurate for use. While some overshoot in the PID control was136

also seen, this was not deemed an issue as all planned measurements were at steady-state137

temperatures.138

3. Cell Capacity Loss139

The absolute measured static capacity values corresponding to those presented normalised140

in Figure 2 (c) and (d) can be found in Figure S7.141

4. Diagnostic Model Development142

In order to use the cell OCV response as a quantitative as well as qualitative diagnostic143

tool, it was necessary to fit a model for the initial behaviour of the cell, which then allows144

predictions to be made about OCV behaviour over the lifetime of cells, and for quantitative145

measurements of cell degradation modes to be obtained. In order to achieve this goal, it146

was necessary to fabricate half cells to obtain reference measurements of the half-cell voltage147

response, estimate the initial loading ratio and anode/cathode offsets and fit the model.148

This allowed for both the prediction of the qualitative changes in cell OCV response over149

the life of the cell alongside quantitative fitting of the model to identify the proportion of150

combined degradation modes occurring in an aged cell. Dubarry et al. [4] highlighted the151

complementary nature of ICA and DVA analysis, as whilst capacity quantification is clearer152

using DVA, using ICA it is simpler to decipher degradation modes. However in this work an153

OCV model was selected for use, derived from work by Birkl et al. [5, 6].154

4.1. Cell Disassembly, Coin Cell Fabrication and p-OCV Measurement155

To obtain an accurate fit to the OCV curves from full cell measurements, reference half cell156

curves were required to identify the individual voltage response of each electrode. Therefore,157

a fresh 5 Ah Kokam cell was discharged to 2.7 V and disassembled in an Argon-filled glovebox158

to provide sample electrodes for coin cell fabrication. The cell was opened using a ceramic159

scalpel to cut the pouch, and after opening, the cathode and anode were gently separated160
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(a)

(b) (c)

(d) (e)

Figure S5: Calibration temperature results for surface cooling fixture. a) Schematic showning the location
of the additional thermocouples used during calibration. b) Calibration temperature under 2 C load, charge
and discharge. Initial setpoint = 20 °C. setpoint moved to 45 °C at t = 1800 s. c) Calibration temperature
residual under 2 C load. e) Calibration temperatures under no load, with temperature setpoint steps of 5
°C. e) Calibration temperature residual under no load.
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Figure S6: Images of single cell test fixtures used.

(a) (b)

Figure S7: Static measured cell capacity (at 0.1 C, 20 °C) versus current throughput for all homogeneous
temperature (a) packs and heterogeneous temperature (b) packs. Note that in c and d, trace colour is
proportional to cell cycling temperature

and the cell tabs cut. The cell stack was unwound as required to provide electrodes to be161

harvested into coin cells. In the Kokam cell, all but the outer layers were coated on both162

sides, and therefore it was necessary to remove the electrode material coating one side of163

both anode and cathode sheets. This was achieved by wetting with 1-Methyl-2-Pyrrolidinone164

(NMP, Sigma-Aldrich), and gently wiping the electrode to dislodge the active material. Once165

single sided electrodes were obtained, circular discs of 16 mm diameter were punched out166

and rinsed using 1 M dimethyl carbonate (DMC, Sigma-Aldrich), before vacuum drying at167

45 °C for a minimum of 1 hr to remove any remaining DMC. The as-prepared electrodes168

were assembled into CR2032 form-factor coin cells with lithium anodes (0.45mm thickness,169

15.6 mm diameter), a polypropylene separator (Celgard 2400, 25 µm) and filled with 100 µL170

of 1.0 M LiPF6 in a 1:1 mix of ethylene carbonate/DMC (Sigma-Aldrich). The cells were171

then crimped and allowed to rest overnight before testing, in order to ensure that electrodes172

were fully wetted. 8 sample coin cells from both the anode and cathode were prepared to173

ensure consistency in 2 separate batches.174

Once half-cells were been fabricated, the p-OCV response of each half cell was measured175

using a 10 mA LAND Battery Cycler. In each case, the cells were cycled under a constant176

current load at C/40, with the current magnitude selected based on the estimated capacity177
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(a)

Figure S8: Anode, cathode and reference full cell OCV curves, measured at C/40 (half cell) and C/20 (full
cell).

of the anode and cathode, calculated based on the area of the harvested electrodes divided178

by the approximate total area of anode and cathode in the cell (in this case 0.05 mA). The179

anode was cycled between 0.01 and 1.5 V, while the cathode was cycled between 4.3 and180

3.0 V. Cycling was carried out at room temperature, which was 23 °C ± 2 °C. Reference181

measurements from a separate fresh Kokam 5 Ah cell, from the same batch, were carried out182

by discharging the cell at C/20 (0.25 A) using a BaSyTec XCTS G1 Battery Cycler. The183

cell was initially charged at 1 C to 4.2 V using a CC-CV protocol with a cutoff current of184

C/100 (0.05 A), which was followed by a 1 hr rest period and subsequent C/20 discharge.185

All measurements on the full cell were carried out in an incubator (Binder KB53) set to 20186

°C. The reference voltage measurements against SoC are shown in Figure S8.187

4.2. Parameterising the OCV Model188

As can be seen in Figure S8 a, voltage plateaus exist in the OCV response of each189

electrode, which occur during phase transitions in the cathode [7] or staging in the graphite190

anode [8] during lithiation or delithiation. Typically, in commercial LIBs, the anode capacity191

is higher than the cathode capacity, due to the differential loading ratio of the electrodes,192

while the overall capacity of both electrodes is typically higher than can be accessed safely193

in a full cell due to both the electrolyte stability window and the need to suppress lithium194

plating in the anode. Additionally, there is typically an offset found between the SoC of195

each electrode. In order to identify the capacity and offset of each electrode, an OCV model196

based approach, derived from work by Birkl et al. was selected [5, 6] due to its simplicity197

and ease of parameterisation.198

Broadly the OCV model functions by adjusting the half cell measured p-OCV responses199

to minimise the error between the measured cell OCV response and the simulated OCV200

response based on a given alignment of half cell OCV curves. This allows identification of201

electrode capacities and offsets for a given cell SoH, and therefore by comparing the identified202

cell parameters at SoL and EoL it is possible to identify the degradation modes occuring203

within the cell. This approach differs from that taken by Birkl et al. [6] in that the measured204

half cell curve is used directly, rather than via fitting a parametric function to the half cell205

curves as described in [5]. This approach is not appropriate for on-board applications, due206

to the increased computational effort and memory required, however for offline diagnostics207
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Figure S9: Explanatory schematic showing half cell alignment and full cell OCV. The maximum and mini-
mum lithiation state of each half cell at 0 and 100 % full cell SoC, z is marked. Note that half cell voltage
curves are adjusted for clarity and are not presented to scale in this figure.

this is adequate. A downside of this approach is it does not allow adjustment of the half cell208

OCV curves based on degradation specific to certain electrode phases, although in Birkl et209

al.’s work it is assumed that the relative shape of each half cell OCV curve also does not210

change.211

For a LIB, each cell SoC value corresponds to a given lithiation fraction (denoted z)212

for both the anode and cathode. As the degree of lithiation in a given electrode increases,213

the voltage of the electrode decreases. However, the cell voltage range is fixed in order to214

ensure stable and safe operation, and therefore each electrode may not be fully lithiated or215

delithiated when the cell is either fully charged or discharged. By adjusting the lithiation216

limits the shape of the simulated full cell OCV curve may be adjusted while the capacity of217

the simulated full cell remains constant. The relationship between z, the anode and cathode218

OCV and full cell OCV are shown in Figure S9.219

As shown in Figure S9, over the full cell SoC range when the cell is fully charged (100220

% SoC) the cathode is delithiated to the maximum extent possible within the defined cell221

operating voltage range. Meanwhile the anode is again lithiated to the maximum extent222

possible within the given voltage range. It is not desirable to either fully delithiate the223

cathode, in order to maintain stability of the cathode, or to fully lithiate the anode, to avoid224

the anode potential becoming negative and inducing lithium plating. Therefore, typically225

excess capacity is available at SoL in both the anode and cathode. At SoL for a given anode226

and cathode half cell OCV response, the lithiation fraction for the cathode over the full cell227

voltage window ranges from zCa,Low at 100 % full cell SoC to zCa,Upper at 0 % full cell SoC.228

The corresponding values for the anode are zAn,Upper at 100 % full cell SoC to zAn,Low at 0229

% full cell SoC.230

Formally the model can be divided into two sections. Firstly and critically, the OCV231

fitting process is described as follows. Based on two half cell voltages, the full cell predicted232

voltage is given by Equation 1. The quantitative degradation mode fitting is described in233

4.4.234
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VFull (SoC) = VCathode (z|SoC)− VAnode (z|SoC) (1)

Where VFull(SoC) is the full cell voltage as a function of full cell SoC, VCathode (z|SoC) is235

the cathode voltage as a function of the cathode lithiation fraction at a given full cell SoC236

and VAnode (z|SoC) is the anode voltage as a function of the anode lithiation fraction at a237

given full cell SoC. The vector of half cell lithiation fractions is defined by Equation 2.238

z = [zCa, Low, zAn, Upper, zCa, Upper, zAn, Low] (2)

Subsequently the model parameters are estimated by minimising the objective function239

defined in Equation 3.240

argz min RSME =

 ∑n
i (V̂Full, i(z)− VFull, i)2

n
(3)

Where V̂Full, i(z) is the simulated cell OCV at measurement point i for a given value of241

z, VFull, i is the measured cell OCV at measurement point i, and n is the number of mea-242

surements. The error between the simulated and measured OCV is minimised in MATLAB243

2021a, using the ’lsqcurvefit ’ function and trust-region-reflective minimisation algorithm.244

After minimisation, the vector z is evaluated to extract the individual electrode capacities245

and offset, using Equations 4 - 6.246

CAn =
CCell

zAn,Upper − zAn,Low

(4)

CCa =
CCell

zCa,Upper − zCa,Low

(5)

OFS = (1− zCa,Upper) · CCa − zAn,Low · CAn (6)

Where CAn, CCa and OFS define the anode capacity, cathode capacity and offset respec-247

tively. These parameters define the cell capacity and stoichiometry at a given SoH value.248

CCell is defined as the cell capacity during p-OCV measurements obtained.249

Based on this approach for the reference cell at SoL, the initial loading ratio was estimated250

based on the ratio of adjusted capacity between the anode and cathode half cells and was251

found to be approximately 1.146 (the cathode capacity ratio was 1.1057 while the anode252

capacity ratio was 1.267), which matches values of 1.1-1.3 found in the literature [9, 10]. It253

is expected that the anode capacity will be in excess when the cell is fully charged, in order254

to suppress lithium plating.255

After error minimisation for the reference cell was completed the predicted OCV response256

of the cell could be calculated and compared to the measured cell OCV response. Predicted257

and measured cell OCV responses can be seen in Figure S10 a, whilst the voltage residual258

error is shown in Figure S10 b. While the overall RSME was 21.69 mV, for the bulk of the259

SoC range predicted the error was found to be below 5 mV, with a large contribution to the260

error at low SoCs, i.e. below 10 % SoC. This was not viewed as a significant issue as the261

bulk of phase transitions and staging occur at higher SoCs, and so this error does not affect262

overall fitting. To avoid biasing the fit towards low SoC values, the final 10 % SoC of the263

discharge is discarded from the calculation of the RSME, an approach derived from Birkl et264

al. [6]. This fit ultimately resulted in an RSME of 7.63 mV in the OCV fit at SOL.265
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(a) (b)

Figure S10: a) Simulated OCV curve and measured p-OCV at C/20. b) Simulated OCV voltage residual
and RSME. RSME calculated both over full SoC range and from 10-100 % SoC to avoid bias.

4.3. Simulating Cell Degradation Modes and Effects266

Using the half-cell OCVs obtained from the harvested coin cells, the fitted OCV model267

may be operated in ’forwards’ mode i.e. predicting the changes to the full cell OCV re-268

sponse for given changes to the anode and cathode lithiation fractions at EoC and EoD,269

and the offset. Active material may be lost either lithiated or delithiated state, so 5 pos-270

sible degradation modes are available: LAMCa, Delithiated, LAMCa, Lithiated, LAMAn, Delithiated,271

LAMAn, Lithiated and LLI. It is critical to note that whilst in ’forwards’ mode, it is possible272

to simulate loss of lithiated or delithiated active material, it is not possible when diagnosing273

degradation to make this distinction. This is because when fitting to experimental data there274

is no way to distinguish between loss of lithiated anode/cathode or loss of delithiated an-275

ode/cathode combined with LLI, which would cause the same changes to the full-cell voltage276

response. Using these simulated translations of the full cell OCV response, it is possible to277

comment qualitatively on the implications of changes in experimentally derived OCV results.278

As an example, the changes to the simulated full cell OCV curve are shown in Figure S11,279

with simulation results for each mode up to 20 % degradation are shown:280

• Loss of Delithiated Anode – Loss of Delithiated anode material leads to a scaling281

of the anode half-cell OCV curve, with the EoD position (zAn, Low) fixed (Figure S11282

a). Due to the excess anode capacity in the cell, this leads to negligible changes in283

the simulated OCV response until there is no longer any excess anode, and minimal284

changes to the full cell capacity. This is due to the fact that the initial cell stoichiometry285

identifies an approximately 26 % excess capacity in the anode at EoC. Some small286

changes to the full cell OCV response are identified, with an increased voltage at the287

anode voltage plateaus at 1.75 and 4.75 Ah, sharpening these plateaus.288

• Loss of Lithiated Anode – Loss of lithiated anode material leads to a scaling of the289

anode half-cell curve with the EoC (zAn, Upper) position fixed (Figure S11 b). Qualita-290

tively this leads to a shift to lower capacity values of the anode voltage plateau initially291

occurring at 4.75 Ah and a significant reduction in overall cell capacity. The voltage292

at the anode voltage plateaus at 1.75 and 4.75 Ah decreases, reducing the prominence293

of these plateaus,294
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• Loss of Delithiated Cathode - Loss of delithiated cathode material leads to a scaling295

of the cathode half-cell curve with the EoD (zCa, Low) position fixed (Figure S11 c).296

Loss of delithiated cathode leads to an overall reduction in cell voltage and a leftwards297

shift of all cathode voltage plateaus. It is noted that at 10 % simulated degradation,298

the changes to the cell OCV response is minimal, although in simulations of higher299

levels of degradation the movement was more significant. This is due to the 10 %300

excess cathode capacity at EoD leading to minimal changes of up to 10 % loss of301

delithiated cathode, and implies that limited loss of delithiated cathode will lead to302

minimal overall capacity loss until this excess capacity is lost.303

• Loss of Lithiated Cathode - Loss of lithiated cathode material leads to a scaling304

of the cathode half-cell curve with the EoC (zCa, Upper) position fixed (Figure S11 d).305

This leads to a movement to lower capacities of the all cathode voltage plateaus and306

a reduction in overall cell voltage. Unlike in the case of loss of delithiated cathode,307

a reduction in overall cell capacity is immediately seen, due to the additional LLI308

occuring309

• Loss of Lithium Inventory – Loss of lithium inventory is caused by the loss of310

cyclable lithium due to consumption in irreversible side reactions during SEI formation311

or being trapped in active material which is lost. LLI leads to a leftwards translation312

with respect to full cell capacity of the anode half-cell curve (Figure S11 e). This leads313

to a reduction in the capacity at which anode plateaus occur and an increase in the314

capacity at which cathode plateaus occur, due to the shifting cell stoichiometry.315

In conclusion, using the initial fitting of the model, it is possible to build a set of qualita-316

tive distinctions between different degradation modes and their effects on the full cell OCV317

response, allowing qualitative descriptions of internal cell degradation modes to be made.318

4.4. Quantitative Degradation Mode Fitting319

While understanding the qualitative effects of different degradation modes is helpful, it320

is of overall limited use, especially when attempting to identify degradation modes when321

multiple modes are occurring. For example, a cell which is cycled at high temperature and322

high rate may see loss of active material due to particle fracture in the electrodes, while also323

undergoing loss of lithium inventory due to high temperatures promoting irreversible side324

reactions. As such, a quantitative model is needed to assess such contributions to overall325

cell degradation. Birkl et al. [6] previously extended the parametric OCV model derived in326

their previous work [5] to identify degradation modes occurring within cells, by fitting to the327

cell OCV response. The quantitative diagnostic model described here is a derivation of this328

work.329

The approach taken in this work is outlined as follows. By using the parametric OCV330

model introduced in Section 4.2, it is possible to identify the half cell capacities and cell331

stoichiometry at any given SoH value for a cell. This assumes that both the cell OCV332

curve shape does not change beyond translation and scaling, and that p-OCV measurements333

remain an accurate approximation of the true cell OCV at all measured points. The OCV334

model is used to identify cell parameters at both SoL and EoL, and subsequently the degree335

of degradation in each identifiable degradation mode (LAMCa, LAMAn and LLI) may be336

estimated using Equations 7 - 9 respectively.337
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(a) (b)

(c) (d)

(e)

Figure S11: Simulated OCV responses for the the following cases; a) OCV response for 0 - 20 %
LAMAn, Delithiated. b) OCV response for 0 - 20 % LAMAn, Lithiated. c) OCV response for 0 - 20 %
LAMCa, Delithiated. d) OCV response for 0 - 20 % LAMCa, Lithiated. e) OCV response for 0 - 20 % LLI
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LAMCa = 1− CCa, EoL

CCa, SoL

(7)

LAMAn = 1− CAn, EoL

CAn, SoL

(8)

LLI = CCa, SoL · LAMCa +OFSEoL −OFSSoL (9)

Where CCa, BoL and CCa, EoL are the cathode capacity at SoL and EoL respectively,338

CAn,BoL and CAn,EoL are the anode capacity at SoL and EoL respectively and OFSBoL339

and OFSEoL are the stoichiometric offset at SoL and EoL respectively. It is important to340

note that whilst there are 5 possible degradation modes within the cell i.e. LAMCa, Delithiated,341

LAMCa, Lithiated, LAMAn, Delithiated, LAMAn, Lithiated and LLI, the model is unable to distiguish342

between loss of lithiated and delithiated active material, as the change to the cell OCV curve343

from an equal contribution of LLI and LAMAn/Ca, Delithiated will lead to an identical change to344

the cell OCV response as an equal amount of LAMAn/Ca, Lithiated. As such whilst it is possible345

to simulate (as presented in Section 4.3) the differing changes to the cell OCV curve caused346

by loss of lithiated or delithiated electrode material using the parametric model operating in347

forward mode, it is not possible to identify if lithiated or delithiated active material is lost348

from measured cell OCV data. As such only total LAM for each electrode is considered in349

this analysis.350

4.5. Validation of Quantitative Diagnostic Model351

In order to validate the quantitative diagnostic model, synthetic voltage curves were352

generated for the Kokam 5 Ah cell under 5 and 10 % loss in each of the 5 degradation modes353

singly, and for 1, 4 and 10 % of all modes (referred to as ‘mixed-mode’). Again it is critical354

to note that whilst this model may be used in this way to test fitting, distinction cannot be355

made in practical use between loss of lithiated or delithiated active material. Using identical356

processes to those used for fitting experimental data the diagnostic fitting model was used357

to estimate the degree of each degradation mode occurring. Figure S12 a-e summarises the358

predicted loss in each mode for the 5 and 10 % synthetic single mode losses. For each single359

degradation mode, the fitting tool is able to accurately identify the dominant degradation360

mode occurring. In all cases the model is able to diagnose the amount of degradation occuring361

with <2.5 % absolute error, whilst the diagnosed LAMCa is accurate to <0.25 % in all cases.362

Performance in identification of LAMAn and LLI is worse, as generally the anode voltage363

curve is flat. This means the fitting algorithm is biased towards identification of changes364

to the cathode voltage curve rather than the anode, as a change in lithiation state of the365

cathode will generally lead to a greater change in full cell voltage. However, in all cases the366

model is able to correctly identify the dominant degradation mode, and performs sufficiently367

accurately in identification of the amount of each mode.368

Figure S13 a-c summarises the predicted loss in each mode for the 1, 4 and 10 % synthetic369

mixed mode scenarios. In this case again the model is able to correctly identify that both370

all degradation modes are occurring, and reasonably accurately predict the amount of each371

mode occurring. The absolute error is <3.5 % in all cases, with typical relative errors in372

prediction of <10 %. As in practice it is likely that a LIB will undergo multiple simultaneous373

degradation mechanisms, leading to occurrence of multiple degradation modes, validation in374

a mixed mode scenario is critical, and indicates that the model performs adequately in375

quantification of degradation.376
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(a) (b)

(c) (d)

(e)

Figure S12: Validation of diagnostic model using synthetic single mode degradation OCV curves; a) Iden-
tified degradation modes with 5 and 10 % simulated LAMAn, Delithiated. b) Identified degradation modes
with 5 and 10 % simulated LAMAn, Lithiated. c) Identified degradation modes with 5 and 10 % simulated
LAMCa, Delithiated. d) Identified degradation modes with 5 and 10 % simulated LAMCa, Lithiated. e) Iden-
tified degradation modes with 5 and 10 % simulated LLI. In all cases horizontal lines indicate 5 and 10 %
mode loss.
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(a) (b)

(c)

Figure S13: Validation of diagnostic model using synthetic mixed mode degradation OCV curves; a) Identified
degradation modes with 1 % degradation in each mode (2 % total LAMAn and LAMCa, 3 % LLI). b)
Identified degradation modes with 4 % degradation in each mode (8 % total LAMAn and LAMCa, 12 %
LLI). c) Identified degradation modes with 10 % degradation in each mode (20 % total LAMAn and LAMCa,
30 % LLI). Horizontal lines indicate the actual total mode losses in each case.
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4.6. Diagnostic Model Overview377

To summarise, the models and tools introduced in this section, firstly a model for simu-378

lating the effects of 5 identified degradation modes on the OCV curve for the Kokam 5 Ah379

cell is presented and validated, using half-cell OCV curves to construct the full cell response.380

The model parameterisation was possible using the OCV model fitting approach pioneered381

by Birkl et al. [5]. Using this model to fit to experimental data for a full cell, the excess anode382

and cathode capacity alongside the loading ratio and offsets may be estimated. Secondly, a383

quantitative diagnostic fitting methodology is presented and validated. The diagnostic tool384

presented is able to both correctly and accurately identify the dominant degradation mode385

from single-mode synthetic OCV curves. The diagnostic tool has also been shown to be able386

to accurately identify mixed-mode degradation, excepting some inaccuracy in identification387

of LAMAn, Delithiated. Using these tools it is possible to carry out a detailed analysis of the388

degradation modes occurring within parallel cell strings.389

5. Cell Impedance Measurements and Fitting390

In order to investigate changes to, EIS measurements were taken at the SoL and EoL for391

each cell at 50 % SoC with respect to measured cell capacity at SoL and EoL. In all cases, the392

cell voltage at measurement was 3.78 ± 0.002 V. The measured spectra are shown in Figure393

3 a-f. After acquisition, the impedance spectra were fitted using the fitting model found394

in Figure S14. The model uses 2 R-CPE pairs to distinguish between anode and cathode395

charge transfer processes, which are expected to have distinct time constants, with longer396

time constants contributed by the cathode [11]. Typical uncertainties in fitting were <± 2397

% for R0 and RCT , and <± 10 % for RSEI . The increased uncertainty in fit for RSEI is398

expected as there is overlap between the contribution of RSEI and RCT , with RSEI having399

a significantly smaller magnitude.400

Figure S14: EIS fitting equivalent circuit model.

The changes in each associated resistance for each pack is presented in Figure S15 a-f,401

showing the normalised increase in R0, RSEI and RCT . For P20.0/0.0 (Figure S15 a) the402

magnitude in RCT increased of 4.8 and 3.8 times in B1 and B2 respectively. Meanwhile403

P45.0/0.0 shows an increases in RCT of 2.6 and 2.3 times, and the divergence between404

cells reduces at higher temperatures. The trends observed in the homogeneous packs are405

replicated in the heterogeneous P32.5/+25.0, P32.5/-12.5 and P32.5/+25.0 packs, as shown406

in Figure S15 b, d and f. In all cases, the change in R0 and RSEI is negligible compared407

to the change in the fitted RCT value, confirming that the impedance growth observed is408

dominated by changes to RCT .409
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(a) P20.0/0.0 (b) P32.5/+25.0

(c) P32.5/0.0 (d) P32.5/-12.5

(e) P45.0/0.0 (f) P32.5/-25.0

Figure S15: Proportional change in fitted resistances R0, RSEI and RCT , for all packs. a) P20.0/0.0. b)
P32.5/+25.0. c) P32.5/0.0. d) P32.5/-12.5. e) P45.0/0.0. f) P32.5/-25.0.

As a final confirmation of the behaviour of each impedance, the normalised resistance410

growth values for each fitted resistance and all 12 cells studied are presented in Figure S16411

a-c for R0, RSEI and RCT , plotted against the cycling temperature. No significant correlation412

with temperature is observed in R0 (Figure S16 a). However, RSEI growth (Figure S16 b) is413

observed to be clearly a thermally correlated process as expected, with significant increases414

above 40.0 °C. Meanwhile the rate of growth of RCT (Figure S16 c) is negatively correlated415

with temperature, the rate of growth halving when cycling temperature increases from 20.0416

to 45.0 °C.417

6. Cell Post-Mortem Analysis418

In order to provide independent evidence of the degradation mode identified via OCV419

fitting, a post-aging teardown of a single cell from each of the homogeneous packs (P20.0/0.0420

and P45.0/0.0) was carried out. In both cases, B1 was selected for teardown, and an uncycled421

cell from the same batch was also disassembled to provide a reference baseline. In each422

case, the cell was opened in an Argon-filled glovebox, and the electrode stack unwound to423

reveal the electrodes. Electrodes were harvested from layers 1, 10, 20 and 25 (with 50 total424

anode/cathode pairs in the pack), and samples cut from the centre of the electrode. No425

qualitative morphological changes were observed in the electrodes through-thickness, while426
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(a) (b)

(c)

Figure S16: Proportional change in fitted resistances R0, RSEI and RCT against temperature for all cells.
b) R0. a) RSEI . c) RCT .

no significant morphological changes were observed in the harvested anodes compared to the427

baseline, supporting the previously identified limited anode loss of active material. Washing428

of the harvested anodes and limitations to the magnification of the instrument used meant429

it is not possible to assess the degree of SEI layer formation (which would lead to LLI) based430

on this postmortem.431

Figure S17 presents scanning electron microscopy images obtained from samples at the432

centre of the cathodes. In Figure S17 a and b, for the uncycled cathode, two particle433

morphologies are observed. The cathode consists of spherical agglomerate particles (NMC)434

consisting of fine angular particles mixed with layered and faceted grain particles (LCO).435

Figure S17 c and d show the cathode from P20.0/0.0 B1, and cracks are highlighted in both436

particle morphologies. Highlighted feature 1 (Figure S17 c) shows intragranular cracks in the437

faceted particles, extending both through and in the layer planes. Feature 2 also shows evi-438

dence of crack formation in the agglomerate particles, while in other locations pit-holes and439

pulverisation of the agglomerates is observed. In the lower magnification image (Figure S17440

d), deposition of debris, likely lost cathode material, is highlighted as feature 3. Considering441

P45.0/0.0 B1 (Figure S17 e and f), pit-holes and pulverisation of the agglomerate particles442

is also observed (feature 4), whilst fracture also occurred in the faceted morphology particles443

(feature 5). Deposition of debris in the binder is also observed in the low-magnification444

images (feature 6). This debris is likely lost active material from the cathode electrode445

particles, released during particle fracture and pulverisation. As this postmortem analysis446

is only able to qualitatively identify electrode morphological damage, it is not possible to447

qualitatively assess the relative amount of loss of cathode active material in each case. How-448

ever, qualitatively, no significant differences were observed between harvested cathodes from449

cells cycled at low and high temperatures, supporting the results from OCV fitting that the450

amount of cathode active material loss is relatively independent of the cycling temperature.451
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Figure S17: SEM images of cathodes from fresh and cycled cells, with features highlighted. All samples
taken from the centre of cathode No. 25 (centre of electrode stack). 20 °C cycled cell selected is P20.0/0.0
B1, 45 °C cycled cell selected was P45.0/0.0 B1 a) Fresh cathode. b) Fresh cathode (low magnification). c)
Cathode cycled at 20 °C. d) Cathode cycled at 20 °C. (low magnification). e) Cathode cycled at 45 °C. f)
Cathode cycled at 45 °C. (low magnification). Highlighted features: 1) Fracture in LCO particle. 2) Fracture
in NMC particle. 3) Debris deposited in binder. 4) Damage to NMC particle. 5) Fracture of LCO particle.
6) Debris deposited in binder.
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7. Missing Data452

As previously mentioned, power failures led to loss of a small portion of the tracked453

current distribution data. This missing data is tabulated in Table S1.454

Table S1: Missing cycling cell current data per pack

Pack Missing Cycle Numbers Number Missing Missing Fraction [%]
P20.0/0.0 341-343 2 0.1
P45.0/0.0 341-343 2 0.1
P32.5/-+25.0 206-219, 296-306 23 1.2
P32.5/0.0 204-216, 294-304, 551-565 38 1.9
P32.5/-25.0 148-160, 241-244 15 0.8
P32.5/-12.5 148-160, 237-240, 558-560 17 0.9
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