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24 o . . Q. :

25 Graphite-silicon (Gr-Si) blends have become common in commercial Li-ion battery negative electrodes,
;? offering increased capacity over pure graphite. Lithiation/delithiation of the silicon particles results in vol-
28 ume changes, which may be associated with increased hysteresis of the open circuit potential (OCP). The
29

30 OCP is a function of both concentration and temperature. Entropy change measurement—which probes
g; the response of the OCP to temperature—offers a unique battery diagnostics tool. While entropy change
33 measurements have previously been applied to study degradation, the implications of Si additives on the
34

35 entropy profiles of commercial cells have not been explored. Here, we use entropy profiling to track ageing
37 markers in the same way as differential voltage analysis. In addition to lithiation/delithiation hysteresis in
38 the OCP of Gr-Si blends, cells with Gr=Si anodes also exhibit differences in entropy profile depending on
39

40 cycling direction, reflecting degradation-related morphological changes. For cycled cells, entropy change
41 N

42 decreased during discharge, likely corresponding to graphite particles breaking and cracking. However, en-
ji tropy change during charge increased with cycling, likely due to the volume change of silicon. Over a broad
45 voltage range, these combined effects led to the observed rise in entropy hysteresis with age. Conversely,
46

47 for calendar aged cells entropy hysteresis remained stable.

22 Keywords: entropy-change, battery degradation, hysteresis
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31 1. Introduction
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54 Li-ion'batteries (LiBs) have successfully made the leap from small portable devices to large-scale appli-
gg cations, where multi-cell arrangements must be effectively monitored and controlled by a battery manage-
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ment system (BMS) to guarantee durable and safe operation [1, 2]. The BMS requires reliable inference of
state-of-charge and state-of-health (SoC and SoH), especially as LiBs age. Currently, inaccurate:SoC and
SoH algorithms are compensated for by over-designing battery packs and keeping conservative operational
limits, which reduces energy efficiency and increases costs and carbon footprint. Research on how toomodel
degradation using only the available measurements provided by the BMS (voltage, currfent and temperature)
is therefore fundamental to accelerate battery innovation, and there is a rising demand for ageing data and
models [3, 4, 5].

Especially important is the need for electrochemistry-aware models with the potential to inform better
decisions around use strategies, second-life applications, and ultimately, optimized battery designs and
systems. This requires an understanding of the (electro)chemical signatures of degradation. Although the
microscopic origins of degradation are numerous and complex [6, 7, 8], on a macroscopic level performance
loss manifests as capacity reduction and build-up of resistance([9, 10]. While the former is related to loss
of storage capability and associated with lost lithium inventory(LLI) and/or change of active material
microstructure (LAM), the latter results from increased/impedancedt all interfaces within the individual
cells and across pack connections.

At lab-scale, various non-invasive techniques can be used (and combined [11]) for classifying the above-
mentioned degradation modes. One of the metheds monitors electrode slippage, which refers to the shift of
capacity of anode versus cathode relative to theirialignment in a pristine cell [12, 13]. It is also common to
differentiate voltage and capacity curves obtained near equilibrium conditions to quantify peak shifts and
classify degradation [14, 15]. These/methods are known as differential voltage analysis (DVA), defined as
dV/dQ, and incremental capacity anah@is (ICA), calculated as dQ/dV. These are well-established methods
for degradation mechanism identification [14, 15]. However, so far the application of these methods to
degradation has been based only onnLAM/LLI, without further microstructural interpretation [16, 17, 18].
Additionally, all these methods are performed at constant temperature, however, temperature dependence
also contains information relevant to degradation. Given that the OCP is a function of both concentration
and temperature neglectingrone of these dependencies in ageing diagnostics is limiting. In this regard,
thermal and voltage analysis, obtained e.g. via differential thermal voltammetry (DTV), can provide an
insight intp ageing mechanisms [19]. However, the resultant curves depend on galvanostatic cycle rate and
hence it is non-trivial to interpret them from a microstructural perspective.

The measurement of entropy changes, known as entropy profiling, is another method that has been
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proposed for understanding degradation [20, 21, 22, 23]. Maher and Yazami [21] explored cycle ageing
of a LCO/Gr cell, finding changes in the entropy profiles associated with loss of battery capacity;but there
was no clear trend observed in the entropy profile changes. Using Raman spectroscopy, ehanges in the
entropy profiles were attributed to crystallographic changes in the cathode material with,ageing. Sullivan
et al.  [20] focused on LCO half-cell analysis. A clear trend was observed: with prolonged cycling,
the characteristic LCO entropy profile features (maximum and minimum) became_less pronounced. They
attributed changes in the entropy curves to changes in lithium ordering resulting from<ageing. Entropy
profiling of aged cells was also performed by Zhang et al. [22] and Osswald et aly.[23]. Zhang et al.
examined LCO/Li half-cells while Osswald et al. looked at cylindrical 18650/NCA/Gr and NMC/Gr cells.
However, neither study offered interpretation of the changes in entropy features with ageing.

Just as voltage versus SoC data has been shown to depend on cycling direction [24, 25, 26, 27, 15], the
partial molar entropy (or entropy change) related to the variation of the OCP with temperature also shows
a directional path dependency [24, 25]. This type of hysteresis is found even in half-cell studies of lithium
(de)insertion from graphite anodes [25, 28]. The addition of siliconor silicon suboxide (SiO,) to graphite
to form a blended anode material leads to greaterZOCP hysteresis than in graphite-only anodes [26, 27, 15].
A greater mass fraction of SiO, leads to an even greater observed hysteresis [29]. The physical relationship
between OCP hysteresis and entropy has beem:shown by Assat et al. [24] for a single cell chemistry at the
beginning of cell life, but the entropy hysteresis might also depend on the long term history of the cell and
related microscopic changes due to ageing.

We postulate that entropy profiling is a unique non-invasive battery diagnostic tool that provides the
same information about ageing as D\ZQ, but in addition elucidates morphological changes experienced by
a battery throughout its life. We investigate this by comparing entropy profiles from pristine, accelerated
calendar-aged, and cycle-aged cells: We find that there is hysteresis in the entropy change at the start of
cell life, and this hysteresis,doesnotichange significantly for calendar aged cells, but increases with cycle
ageing. We hypothesise that these differences originate from microscopic material changes that reflect the
unique ageing history [20,:30]. Finally, as far as we know, no NCA-Gr|SiO, entropy ageing curves are
available in the literature, 50 this work provides such data. The case of a silicon-doped anode is particularly

interesting/from the thermodynamic point of view, given its volume variation during (de)intercalation.
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2. Background

2.1. Entropy in batteries

Entropy changes in batteries are directly linked to the reversible heat generatedsor consumed during
charge or discharge reactions [31, 24], and the entropy of reaction may be related to the.open'circuit voltage

according to

d(AS) dOEocp
=nF ,
0x p.T or pXx

(1)

where AS is the entropy of the cell reaction, x is the extent of the reaction (in this casc, degree of lithiation
in the insertion electrodes), F is the Faraday constant, n = 1 is the number of electrons transferred in the
reaction, Eocp is the open circuit potential of the cell, with both electrodes,combined, T is the absolute
temperature, and p denotes pressure, which is usually assumed constant.for battery systems.

Mechanical effects are often neglected in the majority of eléctrode materials, but in the specific case of
silicon they are likely important due to its high volumetric expansion [32]—this aspect will be discussed
later in section 2.2 together with its implications. Abrupt enefgy chahges accompanying first order phase
transitions result in rapid changes in OCP gradient at these points./Since phase change is always associated
with changes in thermodynamic properties, we might teasonably expect to see correspondence between
features present in DVA and also features inrentropy of reaction changes with respect to stoichiometry.

In a stable, fully reversible charge-discharge eycle, the result of the integration of entropy change around
a closed cycle would be zero. However, according to'the second law of thermodynamics, for a real battery
system, a charge-discharge cycle cannot be thermodynamically reversible above 0 K. Given that heat pro-
duction rate equals electrical work perf\ormed by the cell, Assat et al. [24] identified that entropy production
relates to the observed voltage hysteresis¢Therefore, in addition to the hysteresis measured in OCP curves,
one also measures a hysteresis associated with entropy measurements [25, 28, 24]. This source of hysteresis
is always present in a metastable:system [24].

The variation of partial molar entropy, (0AS /0x), as defined in equation 1, is predominantly determined
by lithium/vacanecy configurations and is thus sensitive to the host electrode microstructures [31, 33, 34, 35].
The measured QCPdifference with cycling direction is sensitive to the electrode microstructure in several
systems [25, 36, 26] and is thus reasonable to postulate that the entropy change hysteresis shows similar
sensitivity.. This means that measuring entropy changes and their variation with cycle direction may allow

the tracking ofistructural defects, volume and ordering changes dependent on ageing conditions.
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2.2. Impact of adding silicon to graphite anode

Numerous studies agree that monitoring the evolution of peaks and valleys present in entropy vs. ca=
pacity graphs over a cell’s lifetime may be used for degradation diagnosis [22, 20, 21]. However, the in-
troduction of silicon to the anode material introduces additional challenges for characterisation because of
the much greater OCP hysteresis found during lithiation/delithiation of silicon than in pure graphite anode
materials [15, 26, 27].

While for graphite the total volume expansion from a fully delithiated to fully lithiated state is small
(~ 10%), and confined to one crystallographic axis [37, 38], silicon is reported to-experience ~ 300-400
% volume expansion [39, 29, 32] during lithiation, followed by a contraction in delithiation. Sullivan et
al. found that particle cracking, and hence a decrease in the mean active particle size, leads to visible
changes in entropy curves [20]. This finding suggests that there could be an association between particle
size and entropy profile features. In the case of silicon, therefore, theilarge changes in volume during
lithiation/delithiation could be associated with changes to theimeasured hysteresis during cycling.

Vorauer et al. [40] used post-mortem small-angle neutron scatteﬁng which produces intensity versus
scattering vector (Q) plots to visualise the (de)lithiation structural changes of an amorphous silicon (a-
Si) /erystalline iron-silicide graphite composite anode. They observed no nanoscale swelling of a-Si with
cycling after lithiation. However, anode delithiation.was followed by a high-Q intensity decrease due to a-Si
shrinkage, which did not reverse back to its initial walue. Instead, the intensity in the aged sample remained
slightly higher than the pristine sample, which means that the a-Si phase remained more expanded [40].

Also, the rate of SEI growth is higher in silicon doped anodes [41] than in anodes without silicon. The
change in silicon particle size with'éyeling exerts a mechanical strain on the SEI layers, causing cracking
and exposure of fresh active material to'the electrolyte [42]. Furthermore, neutron reflectometry studies
performed by Veith et al. [41] indicate that the SEI on silicon restructures during lithiation/delithiation.
During delithiation, Sisparticles contract and the SEI becomes dispersed in the matrix pores, leading to a
lower electrical conductivity and limits access of Li to the active particles.

As a consequence of these irreversible volume changes during lithiation/delithiation, the hysteresis in
the OCP and entropy change are both expected to vary with cycling ageing. During calendar storage, where

no repetitive volumetric changes occur, the hysteresis is expected to remain stable throughout life.
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Table 1: Samsung 35E specifications.

Cell model INR18650-35E

Cathode chemistry | LiNiggCog 15Alp 0502 (NCA)

Anode chemistry Gr-SiOx (~10 wt % SiOx and ~90 wt % Gr)

Nominal capacity | 3.4 Ah

Cut-off voltage 42V/25V

3. Experimental ~

3.1. Experimental setup

3.1.1. Full-cells

Commercially available Li-ion cells (Samsung 35E3) with high silicon content (~10 wt % Si and ~90 wt
% Gr) were used, with specifications given in Table 1. All ecells tested were from the same manufacturing
batch, purchased in 2018. Screening tests at beginning of life for the entire group of cells (178 units)
revealed a mean discharge capacity of (3.40 = 0.01))Ah, measured‘at C/3 and 23 °C. The cells were divided
into two groups of three cells each. The first group was stored at elevated temperature to act as an accelerated
calendar ageing example, while the second group.underwent cycle ageing tests.

A high-precision battery tester (HPC 10, Battery Dynamics) was used for battery cycling, with NTC
(5 kQ) thermistors mechanically attached to the cell surfaces using O-rings for temperature recording. For
temperature control, all cells were submergediin a thermostatic bath (Corio CD 900F, Julabo) filled with

polydimethylsiloxane (PDMS, H5bath fluid, Julabo) [43].

3.1.2. Half-cells

To investigate individual electrode entropy contributions, several half-cells were manufactured. A pris-
tine full-cell was fully discharged to 2.5V at C/25 constant current and disassembled in an Argon-filled
glove-box (MBraun).- The harvested electrode material from the anode and cathode foils was punched into
14 mm diameter disc§ and re-assembled into coin cells with metallic lithium discs (Xiamen Tob New En-
ergy Technology) asithe other electrode, using pre-dried LP30 (Sigma Aldrich) as electrolyte and glass
microfiber filters (grade GF/F, Whatman) as separators.

Electrochemical characterization for the anode and cathode half-cells was performed using a BaSyTec

CTS ‘cycler. Experimental measurements were performed using aluminium heat exchangers, in direct ther-

6
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mal contact with the coin cells, which were connected to a Julabo F12 refrigerated — heating ‘circulator,
allowing direct control over the cell temperatures. This setup enabled more rapid thermal equilibration of
the cells than would be possible using a climate chamber. Cell temperatures were monitored with type-T
thermocouples. A Keysight 34972A data acquisition system with multiplexer unit was used for high-teso-
lution (22 bit) voltage and temperature measurements, assisting post processing of entropy profile data, as
described in previous publications [23, 44, 35, 25, 45].

All half-cells were allowed a 24-hour rest period following cell manufacture, to ensute proper wetting
of the electrodes. For the anode half-cells, three consecutive cycles at cyele rate 27mA/g (normalised
to the mass of active material of each electrode) were undertaken for loading and conditioning, at 25 °C.
Subsequent to the galvanostatic cycles, cells were subjected to constant current constant voltage (CCCV)
protocols at 25 °C. Anode half-cells were discharged at 27 mA /g untibreaching a cell voltage of 0.005V
vs. Li, and were subsequently held at 0.005 V for 2 hours. After manufacture and rest, cathode half-cells
were cycled three times at 13.5mA/g, followed by CCCV at. 13.5mA /g, terminating at 4.3 V vs. Li for 2
hours. Both sets of half-cells then underwent an accelerated entropy m€asurement procedure (further details

in section 3.3).

3.2. Ageing tests

The first group of full-cells experienced one year of calendar ageing at 75% SoC and 45 °C and the
second group underwent continuous ¢ycling (up to ~ 720 cycles) with 2 A constant current charging until
4.2V and 2 A constant current discharge until 2.5 V at 45 °C.

Both groups of full-cells (calendar and cycle aged) underwent periodic characterisation tests, specifi-
cally reference performance tests (RP’I\S) to measure capacity and psuedo-OCYV data. The RPT consisted of
a full charge and discharge at C/20 at 23°C. This was followed by a non-isothermal galvanostatic intermit-
tent titration technique (GITT) for accelerated entropy measurement. The non-isothermal GITT procedure
is described in section 3.3.

Fig. 1 shows thercapacityfade in both the calendar and cycle aged groups, measured by the RPTs.
Due to a lab closure/caused by €OVID-19, all cells experienced an unplanned rest period of 3 months at
50% SoC and 23 °CuyThe resulting capacity recovery between RPT3 and RPT4 is shown in Fig. 1; the

implications of this effect for the interpretation of the results is discussed later in the text.
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Figure 1: Observed capacity loss through RPTs for calendar and cycle aged cells for charge and discharge. The encircled numbers
1-5 in the figure refer to the RPT number. All cells experienced a 3 months rest peri%i at 23 °C and 50% SoC between RPT3 and
RPT4 due to COVID-19 lab closure.

3.3. Accelerated entropy measurement technique

To investigate entropy changes during‘batteryrageing; an accelerated measurement method proposed by
Osswald et al. [23] was used. Compared to the econventional potentiometric method, which requires up to
30 h relaxation time per SoC point [22], the accelerated method shortens this to 2.5 h per SoC evaluation.

The accelerated entropy measureément method uses curve fitting to correct for small changes in the open
circuit voltage as it equilibrates,thus decreasing the required rest times. (As an aside, it is not possible to
obtain the true equilibrium potential over a practical timescale anyway [25, 37, 46, 47, 26, 48]; this means
we can, at best, probe metastable behaviour). To avoid measurement artefacts, two steps were taken. Firstly,
the initial rest period of 20min following a temperature change was sufficiently long to ensure uniform
cell internal temperature. Secondly, the background voltage change was subtracted from the temperature
induced changes [23]. For full-cells, we used 63 titration steps (0.3 A current between steps) during both
charge and discharge excursions including subsequent 80 min of relaxation, until the potential reached the
respective/cut-off veltage. During the GITT relaxation steps, temperature jumps of 28, 25 and 22 °C were
includedyshown in‘Fig. 2. To promote rapid and uniform heat exchange with the environment, the cells

were submerged in a silicone oil thermal bath.
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1

2

3

4

5

6 .

7 For half-cells, the same GITT relaxation steps and temperature profile were used as for the full-cells.
2 During titration steps, the current of the cathode half-cells was set to 13.5 mA/g (discharge) andithe anode
10 half-cells was set to 27 mA /g (charge), to account for the factor of = 2 difference between anode and cathode
11

12 half-cell capacity.
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36 Figure 2: Accelerated entropy profiling experiment during a .complete discharge (a). Zoomed regions indicates the deviation of
g; the cell terminal voltage from the expected value (dashed line), caused by the temperature-step. Experimental setup showing the
39 location of the cells in the direct-cooling apparatus is shown in (b).

40

41 N

42

43 3.4. SEM/EDX and coating thickness analysis

44

45 A pristine, calendar aged; and cycle aged full-cell were fully discharged to 2.5V at C/10 constant
2? current and disassembled in an, Argon-filled glovebox (Inert PureLab HE). Scanning electron microscopy
48 (SEM) measurements were performed with a JEOL JSM 6500F, which was operated at low voltage (5kV)
49

50 to highlight the/surface details. Subsequently, a JEOL JSM 6480LV (15kV) SEM was used to obtain
g ; energy-dispersive X-ray spectroscopy (EDX) maps. The SiOy particle size range was determined by mea-
53 suring all the colouted particles representing the element Si in a 2D EDX image (Supplementary Material
54

55 Fig. S2)

56 . . . . .

57 A micrometer with 0.001 mm resolution and +0.002 mm accuracy was used to measure coating thick-
58
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Figure 3: Entropy profiles for anode (Gr/Si), cathode (NCA), and a full-cell cell at the beginning of life. The entropy coefficient on

the left y-axis refers to the ‘35;, ‘9;;, ‘%S respectively. The black line marking the anode OCP uses the right-y axis. Characteristic

full-cell entropy features S1-S3 correspond to anode OCP staging. S

nesses of the electrode material harvested from the full-cells. "The coating thickness was determined by

taking an average of three samples from different locations on, the electrode.

4. Results and discussion

4.1. Half-cell entropy contributions

Measurements of half-cell reaction entropy may be summed to obtain the full-cell entropy change (as
defined in equation 1), enabling features to be attributed to an individual electrode, as shown in Fig. 3. The

full-cell entropy change comprises cathode S . and anode S, contributions

d(AS)
ox

which are definedsimilarlystosequation 1.

_0(S0)
p.T h 8)6

954
p.T c‘)x

2)

b
p.T

During lithium intercalation, the open circuit potential of the Li—graphite system measured with respect
to Li/Li* declines through a succession of sloping and flat regions that result from the staging process:
single-phaseitransitions are the slopes and two-phase transitions correspond to flat regions [15, 25, 35, 49].
Although the anode material contains SiOx, during anode delithiation the anode related features are very

similar to,reported responses for lithium insertion into pure graphite [35, 25]. First, the Li+ inserts into the

10
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spaces between each graphite layer in the anode host. Increasing Li+ concentration drives the Li=graphite
system into dilute stage IV structures, followed by dilute stage III structures. However, thesesstages are

weakly ordered and so the entropy change follows an ideal solid solution response in these.regions [35].

Hence, at low lithium occupation in the anode (scaled capacity less than 1.5 Ah in Fig. 3), the aég

668;, but the cathode entropy

-
I I1S€es as

lithium is inserted. Over the same capacity range, there is a small feature in
profile otherwise remains relatively featureless.
Additional incorporation of Li+ into graphite results in a two-phase region betweend@bout 1.5 Ah and

2.25 Ah capacity, where LiC, and LiC;g coexist. There is therefore a voltage pla@au, and similarly the

S,
ox

shows a transition at about 1.5 Ah capacity and then the entropy responsefemains nearly constant over
the two-phase region. At about 2.25 Ah, a transition to LiC,-LiCg coexistence occurs and % rapidly
changes in value, remaining again approximately constant across the capacity range of the voltage plateau.
The cathode entropy remains close to zero within the capacity interval of the two main graphite phase
transitions, which makes the anode the main contributor to_.the total cell entropy in this interval. Graphite
dominated phase transitions in the anode manifest as changes'S1-83 6n the entropy curve, although these
features appear as even more pronounced transitions.in the full-cell data than the anode half-cell data.

It is known that the phase transformations and lithium, transport in graphite are slow, limited by grain
boundaries in the material [50], the stagifigrdynamicsof graphite [51, 52] and exchange of ions at the
electrode/electrolyte interface [53]. In full-cell configurations, non-uniform lithium distributions in the
anode material arise from different Ohmic drops and hence different local potentials at the centre versus the
edges of the electrodes [54]. Consequently, inhomogeneous lithiation of graphite-based anodes has been
reported, and because of slow relaxatiql processes, the resulting concentration gradients from even modest
polarisation can persist over hours of evefidays of relaxation time [25, 55, 56]. In commercial cells, these
heterogeneities also persist over multiple length scales, as observable by x-ray tomography and neutron
diffraction [57, 55]. Making the anode area larger than the cathode, as is common in commercial cells,
could lead to still greater inhomogeneous lithiation at the edges, as observed optically by Grimsmann et al.
[58]. The cell examined in'the present study was found to have an anode area ~ 790 cm? and cathode area
~ 740 cm?, resulting in an overhang ~ 6%. The resulting non-uniform lithium distribution in the anode
material could lead to higher lithium disorder and hence a greater entropy change due to disordered Stage
IT configurations [59, 60, 25]; anode overhang areas can also lead to reversible LLI [61]. The net result of

all of these effécts may lead to some disparities between combined entropy from half-cells and the full-cell
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entropy change, particularly at the boundaries between graphite phase transitions. Despite these differences,
it is still possible to extract the information concerning which electrode drives the full-cell entropy-because
the phase boundaries on a voltage axis are clear from both the anode half-cell, and the full-cell data.

In terms of the transitions in the cathode material, the redox process during delithiation is mainly-at the
Ni (IIT)-Ni (IV) pair, accompanied by three distinct phase transformations [62]. First, there is)a transition
from hexagonal to monoclinic (H1 — M) starting at 0.4 Ah, then monoclinic to hexagonal (M — H2) at
around 2.5 Ah, and lastly, hexagonal to hexagonal (H2 — H3) at 3.25 Ah [63]. The two last phase transitions
do not appear to result in features in the full-cell entropy profile. However, the M= H2 transition is
associated with a sharp transition in the partial molar enthalpy in the cathode material (Supplementary
Material Fig. S1). This is advantageous because it allows changes in position.and amplitude of transition
S3 in the entropy profile (attributable to the main staging transition of graphite) to be probed in the absence

of overlapping features from the cathode material.

4.2. Full-cell entropy results .

The reaction entropy measurements for the full-cell are plotted against voltage in Fig. 4. The voltage
range shown is 3.4V to 4.2V since this is where features of interest are present. Plotting entropy change
against voltage allows for a more accurate comparison between charge and discharge by removing shifts in

features with concentration.

4.2.1. Calendar ageing

Fig. 4(a) shows that the entropy measurements remain almost unchanged after calendar storage. A small
increase in the entropy magnitudé is observed ~3.87 V, denoted S3 in the preceding section, corresponding
to the graphite stage I to stage Il transition; however, this effect is nearly negligible. The most pronounced
change in the data is a horizental shift towards higher potentials and horizontal expansion on the voltage
axis. Similarly to ICA /this observed horizontal shift and expansion indicates LLI [64]. There is a hysteresis
in the entropy profile tesponse, which is shown in the bottom panel of Fig. 4(a). The resulting hysteresis is

determined in equation (3) from the difference between the charge (ch) and discharge (dch) entropy change

aAShys _ aASch _ 8ASdCh
ox  Ox ox

3)

Since there are no significant changes to the entropy magnitude experienced by calendar aged cells, the

entropy,hysteresis also remains almost unchanged. These findings are consistent with the results presented
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Figure 4: Charge and discharge entropy profile a) after several daysof storagerat 75% SoC at 45 °C, b) after CCCV cycling at
45°C. The bottom panel in a) and b) indicates entropy hysteresis, quantified by dAS 1ys/dx. * An unplanned 90 days of storage at
23 °C due to COVID-19.

by Sullivan et al. [20] studying a LCO cathodeshalf-cell subjected to calendar ageing. The entropy profile
shape and characteristic regions did not change when a substantial proportion of cell capacity was removed.

It was concluded that the intercalation mechanisms in the aged cell remained the same.

4.2.2. Cycling ageing

Fig. 4(b) shows the effects/of cycle ageing on entropy change. In contrast with the results shown for
calendar ageing, the cycling.ageing results indicate a more dramatic shift of all of the features towards higher
potentials. Additionally, different changes in entropy magnitude are observed with respect to the direction
of reaction. For full-cell discharge, we observe a gradual decrease and flattening of characteristic features.
For charge, howeyver;entropy change increases with cycling age with the most pronounced increase above

3.87V.

Features near 3.87 N. The characteristic minimum in the entropy profile occurring ~3.87 V corresponds
to the mest pronounced graphite transition, stage I to stage II [59, 35, 25]. The cathode entropy change

is featureless in this region. Therefore, the recorded entropy change variation most likely originates from
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microstructural changes to the graphite. With cycle age, the entropy minimum increases (i.e.:the step

becomes less pronounced) and shifts positively in voltage.

Features below 3.87 V. To the left of the characteristic graphite stage I — stage II transition, there is a slight
increase in the entropy change during charge (lithiation of the anode material). However, during discharge

(anode delithiation), a more substantial decrease in entropy is seen as the cell ages.

Features above 3.87 V. At voltages above ~3.87 V, the full-cell entropy change/continuesito decrease with
cycle age. For charge, an increase in entropy change is observed. For a pristine ce\ll shown in Fig. 3, the
entropy change contribution from the anode material is close to zero, and ‘thefull-cell entropy response is

mainly due to the cathode material.

4.2.3. Impact of silicon on entropy profiles

As a battery electrode material, graphite is an intercalating material, with Li inserting into its layered
structure [27], whereas silicon is an alloying material, experiencing .solid—solution reactions with lithium
[27]. The features of the OCP versus SoC, and the balance of lithium intercalated in Si and Gr at each
SoC depend on the ratio of Gr to Si in the anode‘and also cycle direction [65, 29]. Since Si is 10% wt of
the anode but its gravimetric capacity is 10 times the graphite (372 mAh/g), the overall anode capacity is
equally composed of 50% Si and 50% Gr [66]:

Anode delithiation. Due to the similar contributions of Si and Gr to the anode capacity, delithiation happens
sequentially [15, 27], that is to say, Gr dominates the initial stages of full-cell discharge in the range 4.2V
to 3.87V (Fig. 4). Then, the capacit;&contribution from Si and Gr become comparable within 3.87V to
3.65 V interval. Lastly, at < 3.65 V anodeddelithiation becomes completely dominated by Si.

Consequently, the discharge entropy change profile shown in Fig. 4(b) is a combination of both the Si
and Gr reactions, where.we,observe steady entropy change flattening with cycling.

A possible explanation for this is mechanical changes in the anode particles, specifically breaking and
cracking, as has béen reported‘in other studies [30, 67]. This is also often mentioned as a primary cause of
Si particle inactivation in Gr-Si anodes [15, 68, 69, 70]. Entropy profiling measures (among other contri-
butions) thé configurational degrees of freedom of lithium-vacancy arrangements in the electrode materials
[31, 35, 25,59, 33]. Microstructural changes reduce the number of accessible sites in the host material
by causing point defects [34, 44] and stacking faults (i.e. turbostratic disorder [71, 72]). Given that there

are only small entropy profile features from the cathode material at the start of life, we do not expect to
14
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detect changes to cathode morphology from entropy profiling, even if they are present. Changes$ to the
surface structural ordering of graphite with repeated cycling have been reported elsewhere usingsRaman
spectroscopy [73, 74], even when the C-rate is as low as C/37 [74]. It is known that the Li-graphite stages
are extremely sensitive to the stacking order of graphite [71, 72]. The observed changes in.entropy profiling
with cycle ageing are consistent with the changes to the staging sequence that would be expected with this
type of structural disordering, resulting in a reduced amplitude of the entropy change fromithose transitions.

This trend is in accordance with the observed changes to the S3 feature at ~3.87 V.

Anode lithiation. Because of the (de)lithiation hysteresis introduced by Si, thesbalance of lithium in Gr
and Si at each full-cell voltage is very different during lithiation of the anode. Based on the stoichiometric
model of lithium filling in Gr/Si blends presented by Jiang et al. [27], lithiation proceeds simultaneously
within Si and Gr in the interval 3.4V to 4.1 V. However, over the same voltage interval, a greater fraction
of Li is inserted into Si. According to the same model, it is only in the part of the anode half-cell voltage
profile corresponding to full cell voltage (> 4.1V) that a greater fragtion of lithium is into inserted into
Gr . This explains the observed differences between charge and discharge entropy profiles. An increase in
the entropy change with cycle ageing may suggest expansion of the Si particles with ageing, agreeing with
Vorauer et al. [40]. The cited work suggests volume expansion is associated with a more inhomogenous
distribution of lithium, and therefore, it 15 possible’thatthis results in the observed increase in entropy
change. Therefore, the discharge entropy measurements should be considered and analysed separately

from the charge measurements.

Entropy hysteresis. Over a broad volt@ge range, the entropy hysteresis increases with cycling. It is known
that there is a negligible difference between graphite (de)lithiation entropy change above ~3.87V in a full-
cell [35, 25, 59], but thereiis a hysteresisin pristine graphite at full-cell voltage ~3.87 V, which is attributed
to metastable carbon stacking configurations [25]. We hypothesize that the main source of hysteresis visible
in Fig. 4(b) originates from Si, given its large OCP hysteresis [70] over a broad voltage scale. However,
during graphite transition Il“— I at ~3.87 V, and graphite transition Il — II at ~3.65V, the entropy
hysteresis remains fairly constant'with cycle age. This could be due to localised decrease in hysteresis from
graphite in‘combination with increase in hysteresis from silicon across the entire voltage range. Since we
cannot detect additional features in the anode half-cell entropy profiles compared with published data for
pure/Gr anodes, we attribute the observed behaviour at 3.87V and 3.65V to the effect of microscopic Gr

degradation.
15
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4.2.4. Comparison of DVA and entropy profiling

Entropy magnitudes and entropy hysteresis ageing data may be plotted against voltage, as above;giving
insight into microstructural material changes. One can also compare data against capacity,sgiving insight
into electrode stoichiometry changes (similar to DVA). Given that both DVA and entropy. profiles aré sen-
sitive to phase transitions, a direct comparison between these two methods can be made using the Maxwell

relation:

&Eocp _ 0*Eoce
aToQ — 0Q0T

- “4)

The state of charge is expressed via Coulomb counting as x = Q/Qps where Qs the stored charge in
the cell and Q) is the nominal capacity of the cell.

Substituting entropy change (1) and DVA equations in (4) gives

aTdQ  IT

00

~ 10

= )

#’Eocp 0 (ancp _ 0 (0Eocp) _ d (L@(AS) _ 1 d (8(AS)
0 T nF o0xy | nFdo\ ox |’

To compare features in the entropy data withyrespect to the DVA, the right hand side of (5), i.e.
d(0AS /0x)/dQ, was computed and plotted with respect to capacity in Fig. 5. The phase transitions are
identified through the DVA peaks. For consistency, entropy and DVA curves were all calculated from the
same data extracted from GITT.

Since DVA is a well established diagnostic method, it is used here as a baseline for identification of
degradation mechanisms experienced by aged cells. DVA curves for charge and discharge are shown in
Fig. 5. In all test data, the cathode D?A peak D4 shifts towards lower capacities with ageing. According
to the literature [17], a horizontal shift on a DVA curve is due to loss of cyclable lithium. The calendar
aged cells exhibit less visible shifts, indicating less capacity loss than the cycled cells. A corresponding
horizontal shift of marker dS4is observed in Fig. 5. The anode peak D3, indicating the graphite stage
Il — I transition, deereases marginally in magnitude for the calendar aged group. This is followed by a
proportionally smaller decrease of the dS; peak. In the cycled group, however, the DVA peak D3 flattens
to the point«that it becomes difficult to distinguish. In the entropy plot, peak dSs is still well recognizable,
although it decreases in magnitude from the pristine cell data. This suggests that the entropy change curve
is mote sensitive to anode phase transformations than the DVA curve.

The.two DVA features D3 and D4 are crucial for the diagnosis of electrode specific degradation modes
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Figure 5: d(0AS /0x)/dQ and DVA plots for'calendar aged cells a) charge b) discharge and cycle aged cells c) charge d) discharge.

[17, 18]. Loss of active material (LAM) in the positive electrode Q op pg is calculated from the capacity

N

difference between D4 and Qy,;, the maximum measured capacity. Similarly, at the negative electrode

Qram.NE 1s identified as the ehange in capacity between D3 and 0 Ah, while the shift between electrodes

Qbalance 18 the difference between the maximum capacity and Qp om NE-

Following Keil et-al.’s method [17], the same procedure was applied to the entropy curves to extract
ageing markers. From Fig. 5 it is clear that the anode peak D3 corresponds to DVA peak dSs; and so peak
shifts indicate LAMng. The cathode peak D4 occurs in the same region as the dS4 peak, and is therefore
used torcalculate IXAMpg. The results obtained from both entropy and DVA markers are shown in Fig.

6. Despite some differences, the resemblance is noteworthy, confirming that entropy measurements can be
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Figure 6: A comparison of ageing markers extracted from DVA and entropy profiling for calendar aged (a) and cycle aged (b)

groups of cells. In both cases, the charge profiles were used to extract the ageing markers:

successfully used for identification of degradation mechanisms. 4

Note that, due to the full-cell hysteresis emerging largely from Si in the anode material, the ageing
markers may provide different information when calculated from charge vs. discharge data. However, the
standard practice in the literature is to analyse,only one.direction of DVA profiles, most commonly charge
[30, 16, 12]. Given that the main objective in this study is the comparison of extracted markers from both
DVA and entropy profiling, we follow the same procedure, and use charge data only. However, we present
extracted markers in terms of normalised capacity to account for differences between charge and discharge.
Note that the Si marker in Fig. 5, dSs,{occurs at low SoC and is strongly influenced by current direction.

Shifts to this marker are difficult to quantify and interpret, and therefore are not considered in this study.

Analysis of ageing markers.»Fig. 6(a) shows the estimated ageing markers for the calendar aged cells.
Capacity fade appearsto be caused primarily by LLI, which manifests in electrode balancing changes. This
confirms that the horizontal shift on the voltage axis observed in Fig. 4(a) is due to changes in electrode
balancing. No farther‘ageing markers are evident for the calendar aged cells, making LLI the main ageing
mechanism.

Fig. 6(b) shows the ageing markers for the cycle-aged cells. Overall, there appears to be a decrease
in LAMNg withrage, as has been found by others [75, 30]. In our data, LAMpg also decreases, indicating

additional degradation of the cathode material. Lastly, a decrease in electrode balancing Qy 1 | pajance SUZZEStS
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lost Li inventory.

We note that there is an apparent ‘capacity recovery effect’ between RPT3 and RPT4. This time,period
corresponds to an extended COVID-19 lab closure, during which two test conditions were changed simulta-
neously: the temperature was decreased from 45 °C to 23 °C and the SoC decreased from 75% to 50%+"This
resulted in calendar aged cells experiencing a recovery in LLI together with a less pronouncediincrease in
LAMNg. This suggests recovery of capacity from the ‘anode overhang’ effect [61].. Geometrically, anode
overhang is defined as an additional anode area which is not directly opposed by the cathode [76]. Given
longer ionic pathways and therefore a very slow timescale for lateral diffusion fromthe anode overhang
area to the useable battery area, under certain favourable conditions, some capacity,can be regained [76].
This effect is also present in the cycled cells between RPT3 and RPT4; however, LAMnEg remains constant

in that case.

4.3. SEM analysis

To validate the degradation signatures obtained from entropy, puofiling, a post-mortem analysis was
conducted on one cell from each of the interest groups , i.e. pristine, calendar aged and cycle aged. The
morphologies of both the negative and positive electrodes were studied using SEM. Fig. 7(a) shows the
surface of the pristine anode material. In this image, the Gr-edges are sharp and well defined. The image
of the calendar aged material is presented in Fig. 7(b), which shows that the sharp edges of Gr become less
prominent. The coarse particles canbe.ascribed to the formation of the SEI layer. Consequently, the surface
film thickness increases from 82 um«to 86 wm. These observations correspond well with the dominant
degradation mode identified by DVA'and entropy profiling, namely LLI. Finally, Fig. 7(c) shows the impact
of cycle ageing, where surface film fo?nation becomes significant, also consistent with LLI. Consequently,
the coating thickness increased to 90 umyi.e. slightly thicker than the calendar aged film. Given that the LLI
in the calendar and cycle aged materials was similar, we attribute the difference between the two instead to
greater volume expansion from cycle ageing.

The size range-of the'SiOy/particles is between 1-9 um, which makes it difficult to assess pulverisation
from Fig. 7a-c. Fig. 7d-f show the back scattered electron (BSE-SEM) images of the pristine, calendar and
cycle aged electrodesyrespectively. In the pristine sample, the SiOy particles are visibly brighter than the
surrounding graphite particles because of the higher atomic number of Si compared with carbon, and hence
greater electron back scattering.

The SiOy particles in the pristine sample are brighter compared with the calendar aged and cycle aged
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ones. The difference in brightness can be attributed to the pulverisation of the densely packed SiOg aggre-
gates upon electrochemical cycling, which leads to disconnection of particles via vacancies left:behind by
lithium-ion stripping [77]. This lithiation driven fracture in SiOy particles results in a newly exposed active
material surface, which leads to further SEI formation. The SEI is composed of lighter elements compared
to Si and therefore SEI growth results in a darker image compared to the brighter pristine electrode. It has
been reported in the literature that a large part of the film growth on Si/C anodes is.due to,the formation of
lithium silicates [78, 79], which could also account for the LAM observed in the entropy/DVA analysis.

In contrast to the anode, no thickness changes were observed on the cathodes across pfistine versus aged

cells.

SEI 50KV~ X5000

1, 808

1) () (H

Figure 7: SEM images for Gr/S1 anode,a) pristine b) calendar aged c) cycle aged and BSE-SEM images for Gr/Si anode d) pristine
e) calendar aged f) cycle aged.

5. Conclusions

In this study of silicon-graphite/NCA Li-ion batteries and half-cells constructed from harvested elec-
trode/materials, we measured the open circuit voltage and entropy changes that occur during calendar and

cyclic ageing., Comparison of half- and full-cell entropy data reveals that the entropy measurements as-
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sociated with the NCA cathode are almost uniform as a function of capacity, in contrast to anode:éntropy
measurements. Thus the full-cell entropy measurements are dominated by anode-related features,during
both charge and discharge.

We found a significant difference between the measured entropy profiles during charge versus discharge,
indicating an ‘entropy hysteresis’ related to path-dependent reaction mechanisms in the electrode materi-
als. Changes to the entropy hysteresis with age were used to infer qualitative changes to,the cell material
morphology.

For the calendar-aged cells, the entropy profile magnitudes remained almost unchanged with age, but
slight shifts versus voltage were found. Additionally, the entropy hysteresis remained unchanged with age.
These results imply that the microstructure of the electrode materials did not ¢hange substantially with age.

In contrast, in cycle-ageing data, our investigation revealed a decrease in entropy magnitude during dis-
charge and increase during charge, with greater shifts in observable features as a function of voltage than
were found during calendar ageing. The combination of the shift and amplitude change may be attributed to
particle breaking and cracking induced by cycling, with concomitant fhicrostructural changes to the anode
material. We hypothesise that the changes to graphite-related entropy features originate from microstruc-
tural defects. The overall increase in entropy hysteresisimay be related to Si volume expansion effects,
however further research is required to establish.the exact dependency of entropy features on particle size
and Si mass fraction.

A direct comparison between entropy profiling and DVA reveals that in general, both techniques high-
light similar features of battery behaviour. ‘Entropy profiling can thus successfully track ageing markers
such as LAMpg, LAMNg and LLL Usng these techniques, both DVA and entropy profiling highlighted LLI
as the main degradation mode for calendar aged cells. Cycled cells on the other hand experienced LAMNg
and LAMpg combined with LLI."Netably, the entropy magnitude was found to provide greater sensitivity
to changes and features.ati'some operating voltages, and these features are not accessible by DVA.

However, entropy changes are time-consuming to measure and require specialist equipment. To be
competitive withADVA, the:meéasurement time needs to be further decreased. A possible future avenue to
be explored is systematic studies of graphite/silicon half-cells using entropy profiling (and comparison with

full-cell behaviour) in‘order to decouple silicon and graphite contributions.
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