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2D diffraction mapping of lateral inho-
mogeneities in Si–Gr 5 Ah Pouch cells.
Correlation between volume expansion
and lateral inhomogeneities.
Disconnected charge/discharge patterns
of Si and graphite components were
found.
Difference in cathode and anode lithium
inhomogeneities.
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A B S T R A C T

Silicon–Graphite blended electrodes in Li-ion batteries have been proposed as a way to harness the high
capacity of Si as an anode material, while minimising the negative effects of their large volume expansion.
NMC 811 is the current state-of-the-art layered oxide cathode material, where the cobalt content of the cathode
has been minimised. These are the two of the most promising materials for achieving electric vehicle targets
in terms of performance, cyclability and price, however their degradation mechanism is not fully understood.
Here these two materials have been used to manufacture 5 Ah prototype multi-layer pouch cells, which are
aged and then studied using two complimentary diffraction techniques. Neutron diffraction has enabled a
quantitative analysis of phase transitions in Si–Gr anodes in a pristine and degraded cell, and the alloying
behaviour of Si and Li has been inferred by comparison of identical cells with either graphite or Si–Gr anodes.
Synchrotron X-ray Diffraction has been used to make an operando 2D map of the cathode and anode lithiation
in the pouch cell, as well as to map the volume expansion across the cell. This approach has revealed that
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degradation entails significant inhomogeneities across both electrodes, linked to the inhomogeneous volume
expansion of the Si–Gr anodes.
1. Introduction

Advanced Li-ion batteries will still play an important role in future
energy systems. Improving performance by reducing degradation is a
complex process, requiring a holistic approach to the complex processes
that contribute to the deterioration of a cell’s capacity over hundreds
or thousands of cycles. Transport accounts for a fifth of global CO2
emissions, 45.1% of which comes from passenger vehicles [1]. Tran-
sitioning to electrically powered vehicles is therefore a central part of
a green transition. To that end it will be crucial to reduce the cost of
batteries, enhance cyclability, as well as increasing their gravimetric
and volumetric capacity.

Li(Ni,Mn,Co,)O2 (NMC) is one of the most widely used cathode ma-
terials in batteries powering electric vehicles. This large scale adoption
will however signify a dramatic increase in mining for cobalt, with the
battery industry already accounting for two thirds of global demand.
Cobalt is not only the most expensive element of NMC batteries, but is
largely extracted under problematic conditions, undermining the sus-
tainable credentials of a shift to a battery-powered economy. Limiting
the amount of cobalt used in NMC is thus highly desirable, with NMC
811 (LiNi0.8Mn0.1Co0.1O2) being the current state of the art material in
the battery field [2].

On the anode side of the battery, graphite is widely used across most
Li-ion battery technologies. The use of silicon anodes has long been
proposed as an alternative, due to its very high theoretical capacity,
with each Si atom being able to bind 4 Li atoms, thus having a
theoretical gravimetric capacity of 3579 mAh/g in the case of Li15Si4
at room temperature, compared to graphite, which can store one Li
atom for every six C atoms, with a resulting gravimetric capacity of
370 mAh/g [3–6]. Si anodes have the significant disadvantage of a
rapid decline in stability during prolonged cycling, due to large volume
fluctuation during charge and discharge, slow ion diffusion and low
conductivity. This leads to particles breaking down and loss of electrical
contact [7–9].

Approaches to using the advantages of Si anodes while limiting
their drawbacks include nanoengineering in the form of coatings on Si
particles, development of cycling protocols within narrower potential
and capacity limits, binder formulations permitting volume expansion,
and finally blended electrodes [9–11]. Graphite’s wide use in the
battery industry due to its low surface area, high conductivity, elec-
trochemical stability, low tap-density and chemical/physical stability
makes it suitable for designing an electrode in combination with Si [4–
6]. There have been different approaches to Si–Gr anodes, in terms
of combining them with specific binder and electrolyte formulations
to increase stability [12,13], nanoengineering including coating Si
particles with graphite [6,7], and simply tweaking the ratio of Si to
graphite, which has a significant influence on the electrochemical and
mechanical behaviour of the anode. At the high end a ratio of 20%
can result in a continuous graphite structure serving as backbone, with
relatively high stability and low electrolyte decomposition compared
to Si anodes, while still being enough to triple the gravimetric capacity
compared to a graphite electrode [14]. Current commercial Si–Gr elec-
trodes have Si contents in the range of 2–3 wt.% [15,16], but contents
of at least 5–7 wt% are probably needed to get worthwhile performance
gains [17,18].

Si–Gr anodes have obtained good performances in half cells, while
performance in full cells is still lacking, due to limited Li+ availability.
The loss of cyclable Li to the SEI layer during initial cycles with low
coulombic efficiency is irrelevant in half cells with an infinite supply
of Li, but is critical for performance in full cells. High-performing cells
with Si–Gr anodes necessitate a thorough understanding of the effect
2

of cross talk between electrodes, and between Si and Gr particles in
the anode. The mechanical effect of the large volume expansion of
Si particles on the electrode cohesiveness, as well as on the capacity
suppression of graphite is also important [18].

Understanding the mechanisms of (de)lithiation in Si–Gr anodes as
well as degradation mechanisms is essential to improving the cycle life
and thus the viability of Si–Gr anodes in combination with state-of-the-
art cathodes. Heubner et al. elucidate the electrochemical behaviour
of Si and Gr relative to each other using a cell with separate Si
and Gr anodes, short-circuited to provide the same thermodynamics
of blended electrodes, but allowing them to independently monitor
the activity of Si and Gr [8]. To study the effect of Li+ cross-talk
between Gr and Si in actual full cells, a direct method of studying the
same effect in actual electrodes is necessary. Pietsch et al. use X-ray
tomography to confirm that in graphite electrodes as well as in Si–Gr
electrodes expansion is highly anisotropic, with electrodes expanding
25 times more perpendicular to the current collector than parallel to it,
meaning that the electrode structure or the cell housing lead to a highly
anisotropic volume expansion [14]. Other groups have also extensively
used dilatometry and pressure measurements to track the volume ex-
pansion and its effect on cell performance [3,19,20], notably Vidal et al.
who combine it with X-ray Computed Micro tomography (XCMT) in
pouch cells and 18650 cells [21]. Moon et al. use a combination of
XRD, electron microscopy techniques and dilatometry to describe the
relative behaviour of Si and Gr in full cells, and give insights into
the effect the mechanical changes undergone in the electrodes has
on the graphite component of the blended electrodes [18]. Neutrons
can be a very powerful tool in characterising anodes in real time, but
have not until now been used extensively. Most recently Richter et al.
have investigated full cells with Si–Gr cells using operando neutron
diffraction. They study 18650 cells during charge, tracking LiC6 and
LiC12 phase fractions. They use the intensity change of a LiC6 (001)
peak and a LiC12 (002) peak to track the lithiation of graphite, and
from that infer the behaviour of Si at low temperatures [22].

An effect that has not been fully investigated is the effect spatial
inhomogeneities in large-format cells has on the degradation of Si–
Gr anodes. The negative effects of heterogeneities in lithiation across
electrodes and within cells has been documented extensively in other
Li-ion chemistries using X-ray diffraction and neutron diffraction. In-
homogeneities across pouch cells has been documented using neutron
diffraction [23,24], albeit the low flux of neutron sources means either
the time resolution or the spatial resolution is severely limited. XRD
studies have allowed more detailed maps of Lithiation across different
cell formats to be done. Mattei et al. use high energy synchrotron X-ray
diffraction to effectively map cathode SOC in NMC 622/Li metal cells
with high sensitivity, though not done operando and with limited data
on the corresponding anode [25]. Mühlbauer et al. use a combination of
high-energy XRD and X-ray computed radiography to precisely map the
lithiation state of corresponding LiCoO2 cathodes and graphite anodes
in a pouch cell at different states of charge, showing inhomogeneities
in charge state of up to 10 percentage points, exacerbating degradation
mechanisms [26]. The same group did similar studies on cylindri-
cal cells, finding similar effects of inhomogeneities [27,28]. Recently,
Charalambous et al. have revealed heterogeneities in Li inventory
across single-layer pouch cells using lateral scanning XRD, showing a
strong link between Li inventory inhomogeneity and cycling rate [29].
Operando XRD has been used on other battery applications too, where
we have recently used high-energy XRD to map phase transitions in
Zn-air battery electrodes spatially and in real time [30,31]. Given the
increased volume expansion in full cells with Si–Gr anodes, and the
highly anisotropic expansion of the particles in those anodes, it seems

likely that the inhomogeneities observed during cycling of other Li-ion
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battery chemistries may be exacerbated in this case, and could have an
outsized effect on degradation of Si–Gr anodes.

In this work we investigate prototype NMC811/Si–Gr 5Ah multi-
layered pouch cells manufactured by Cidetec, and use a combination
of operando high-energy XRD and operando neutron diffraction, on
the exact same set of cells in both pristine and aged states, to obtain
complimentary and quantitative information on the behaviour of Si–Gr
anodes in conjunction with NMC811 cathodes. Using the high flux syn-
chrotron source at the DanMAX beamline at MAX IV, we can combine a
good time resolution with a 2D mapping of the cell during operations,
instead of measurements done at equilibrium at a few intermediate
steps, allowing any inhomogeneities to be compared across electrodes
in real time. Combining this with operando neutron diffraction allows
the evolution of graphite phases during charge and discharge to be
quantified. Combining 2D resolution with operando measurements on
commercial-grade full-cells has to our knowledge not been done before
using diffraction techniques, and has not been done with Si–Gr anodes.

2. Experimental methods

2.1. Pouch cells

The four 5 Ah multi-layer pouch cells studied here were manufac-
tured and provided by Cidetec. The electrode format was 6 cm × 10 cm.

ll four cells were made with the same NMC 811 cathodes, and
atched with either graphite or Si–Gr anodes (areal capacity balancing

f 1.1 for anode/cathode). The loading of the cathodes was 3 mAh/cm2,
r 15.7 mg/cm2 active material, while the anodes had a 3.3 mAh/cm2

oading, corresponding to 9.9 mg/cm2 for the graphite anodes, and 7.5
g/cm2 for the Si–Gr anodes. Each cell was made up of 15 double

oated cathodes coated on Al, and 14 double coated and two single
oated anodes coated on Cu. The total material weight was 24.094 g
f cathode active material, 17.96 g of graphite in the Gr cells, and
2.24 g of graphite and 0.72 g of Si in the Si–Gr cells. The cathodes
ere manufactured with 90 wt% active material, 5 wt% C65 carbon
lack and 5 wt% PVDF, the graphite anodes were manufactured with
4 wt% graphite, 2 wt% C45 carbon black, 2 wt% W2000 5% and
wt% SBR 40%, and finally the Si–Gr anodes were made with 85 wt%

f the same graphite used in the graphite anodes, 5 wt% Si, 3 wt% C45
arbon black, 3 wt% W2000 5% and 4 wt% SBR 40%. Formation cycles
ere performed by Cidetec following an internal proprietary protocol.

.2. Electrochemical cycling

A NMC811/Gr and a NMC811/Si–Gr cell were cycled using a CC–
V step during charge (constant current followed by a constant voltage
tep), and CC during discharge. The CC current was 6 A (C-rate of 1.2).
he cells were cycled between 2.8 V and 4.2 V. During CV, they were
aintained at 4.2 V until they reached a current of 1 A. Both cells were

ycled for a period of 20 days at 25 ◦C, with the Gr cell reaching 175
ycles, and the Si–Gr cell reaching 211 cycles. They reached a state of
ealth (SOH) of 96% and 69% respectively. A Neware BTS4000 battery
ycler was used. During operando experiments an Ivium CompactStat
otentiostat was used to cycle the cells.

.3. Neutron diffraction

Neutron diffraction studies were performed at the High-Resolution
owder Diffractometer for Thermal neutrons (HRPT) beamline at the
INQ neutron source, Paul Scherrer Institute (PSI) in Switzerland. The
He (3.6 bar + 1.1 bar CF4) multidetector consists of 25 × 64 = 1600
ounters and a measuring range from 2𝜃 angles 0◦ to 160◦. The angular
tep size of 0.1◦ was reduced to 0.05◦ with the detector placed on
ir-cushions allowing intermediate steps to be sampled. The detector
s 15 cm high, with a radius of 1.5 m, and an effective detection length
f 3.5 cm [32].
3

Each cell was charged and discharged in the beam at 0.6 A for a
ull cycle, between voltage limits of 2.8 V and 4.2 V. Data was sampled
ontinuously. When integrating the data into a 2𝜃 diffractogram, the

data was then binned over a time period of 7 to 30 min, with a
trade-off between time-resolution and improved statistics. 90 min of
exposure was done at a wavelength of 1.494 Å and the cell at a 45◦

angle to the beam, followed by 30 min of exposure with a wavelength
of 1.155 Å and the cell at a 60◦ angle. The beam size was 1 × 2
cm2, centred on the cell. Switching between these two configurations
enabled the use of the highest possible flux allowed by the beamline
for most of the scans, with the lowest background at low angles. The
scans at a shorter wavelength, with the cell at 60◦, in turn captured a
larger portion of Q-space, albeit with less peak resolution.

The cells were clamped to a frame mounted on a vertical rod, on the
beam and the detector (see figure 1 in supplemental information). The
Gr cells were taped directly to the frame and cycled without externally
applied pressure. The Si–Gr cells were clamped between two 1.5 mm
Al plates, to prevent damage caused by expansion of the Si-containing
anode.

2.4. X-ray diffraction

X-ray diffraction measurements were done at the DanMAX beamline
at the 3 GeV synchrotron source at the MAX IV Laboratory. The
DanMAX beamline has a high flux of 1012 ph/s at 35 keV, allowing
low exposure times. A beamsize of 1 × 1 mm2 was used. The DECTRIS
PILATUS3 X 2M CdTe hybrid pixel array detector with a sample rate
of up to 250 Hz, allowed ample sample time for fast scans across the
batteries. Four cells were cycled operando, while the beam was scanned
across a 10 by 61 point grid. This resulted in 610 diffractograms
collected during each 12 min scan. Depending on the capacity of the
cell, and thus the duration of each full charge/discharge cycle, the
four operando measurements resulted in between 24400 and 47500
diffractograms per cell. During the operando measurements, the cells
were clamped between two steel plates, with ten 65 mm vertical cut-
outs spaced 10 mm apart (see figure 2 in supplemental material). X-ray
was collected in these cut-outs. 2D data was integrated onsite using
pyFAI.

2.5. Data analysis

For both X-ray and neutron diffraction data, Rietveld refinement
was used to do a quantitative phase analysis of the NMC 811 cathode
and the graphite phases in different lithiation states. This was done
using Topas Academic (TA) v. 6.0 [33]. TA’s native batch analysis tool
allowed the use of a single input file to be used to sequentially refine
all data for each cell. The diffractograms contained a strong Cu and Al
signal from the 16 anode and 15 cathode current collectors, which were
present and constant in all the collected diffractograms. By holding the
scale factors and lattice parameters for Cu and Al constant throughout
all the refinements, it was possible to obtain perfectly comparable
data between cells, as well as accurately refine the sample–detector
distance, crucial when working with a relatively large flat sample,
moved perpendicularly to the beam.

When analysing the neutron data, sampled in a 2𝜃 range, a cor-
rection was needed to account for the highly asymmetrical absorption
profile of the flat sample. Here an asymmetric transmission correction
described by Rowles et al. was used, to correct the relative intensities
of the resulting diffraction peaks [34]. This approach enabled a quan-
titative Rietveld analysis to be done despite the shape of the pouch cell
used.

A more detailed description of Rietveld refinement, as well as an
example input file is included in supplemental information.

The calculation of 𝑥 in LixC6 is done from the weight percentages
f the graphitic phases, and their relative lithium content. The phases
iC and LiC are stoichiometric and contributes with a factor of 0.5
12 6
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Fig. 1. (a) Capacity retention during discharge plotted alongside the coulombic efficiency, for a Gr cell and a Si–Gr cell. (b) Voltage profile as a function of 𝑥 in Li1-x Ni0.8Mn0.1Co0.1O2
pristine and aged Gr and Si–Gr cells. x calculated from operando XRD data, enabling a comparison of the lithiation state of the four cells’ cathodes’.
(6/12) and 1 (6/6), respectively, to the total composition given as
LixC6. The refined ‘‘LiC18’’ phase is a non-stoichiometric refined phase,
representing the phases from almost no lithiation until stoichiometric
LiC18 and contributes to the lithium content in the total composition
LixC6 with a factor relative to 𝑦 in Liy C18. All phases with a lithiation
degree up to LiC18 are refined with the LiC18 structure and the lithium
content is estimated by assuming a Vegard’s law dependence between
the c-axes and the lithium content, i.e. a solid solution where the 𝑐-axis
goes from 10.2 Å to 10.55 Å as the lithium content goes from 0 to 1.
In the refinements, the unit cell parameter of graphite is confined to
a narrow range with a 𝑐-axis of between 6.685 Å and 6.75 Å, and the
low-lithiated phase was restricted to have a 𝑐-axis between 10.2 Å and
10.55 Å. As graphite is lithiated, the overall weight percentage of the
graphite anode as a proportion of all material in the cell increases. This
introduces a small error if only the relative weight percentages of the
graphitic phases are taken into account, so this is normalised to the
number of moles of C6, as shown in the following equation;

𝑥 𝚒𝚗 Li𝑥C6 =
3 ⋅

𝑦 ⋅𝑤𝑝LiC18

𝑦 ⋅𝑀Li +𝑀C18
+ 2 ⋅

𝑤𝑝LiC12

𝑀LiC12

+
𝑤𝑝LiC6

𝑀LiC6
𝑤𝑝C6

𝑀C6

+
𝑤𝑝LiC18

𝑦 ⋅𝑀Li +𝑀C18

+
𝑤𝑝LiC12

𝑀LiC12

+
𝑤𝑝LiC6

𝑀LiC6

, (1)

where 𝑦 in Liy C18 is given by

𝑦 = 𝑐 − 10.2
0.35

(2)

3. Results

3.1. Electrochemical performance

The NMC811/Gr cell (referred to as Gr cell henceforth) has a fade
rate of 2.3%/100 cycles over the full cycle test, while the NMC811/Si–
Gr cell (referred to as Si–Gr cell) has an average fade rate of 14.4%/100
cycles (Fig. 1a). The Si–Gr cell degrades at an average fade rate of
30.2%/100 for the first 70 cycles and only 5.4%/100 cycles for the
remaining cycles. A capacity of 0.93 Ah, or 21.5% of initial capacity,
is lost during those first 70 cycles. The total capacity of the Si in
the anode is 1.84 Ah. Assuming the graphite component of the anode
undergoes a capacity fade similar to the graphite cell, around half
of the available capacity from Si is lost after the first 70 cycles. The
coulombic efficiency (CE) is low for the Si–Gr cell in the initial cycles,
and gradually reaches the level of the Gr cell after 150 cycles. It seems
clear from the significant degradation of the Si–Gr cell that Si has a
large impact on the initial degradation of the cell, which is also clear
from the low CE, related to the presence of an irreversible reaction.
4

3.2. Cathode performance and Li inventory

From refinement of diffraction data, lattice parameters and phase
fractions of NMC811 (will be denoted NMC henceforth) and the differ-
ent graphite phases have been obtained. The NMC a lattice parameter
closely follows the lithiation of NMC, since the M-O binding length is
close to linearly and inversely dependent on the Ni oxidation step, and
can thus be used as a good proxy for state of charge of the cathode
(SOC) and by extension 𝑥 in Li1-xNi0.8Mn0.1Co0.1O2 (supplementary
material Figure 3). Alternatively the unit cell volume can be used, but
since the c-parameter falls dramatically when the cell reaches around
4 V, the volume is not linearly dependent on lithiation either (Figure
5 and 4 in supplemental materials). The a-parameter has thus been
used to determine the lithiation state of the cathode in the different
cells, relative to each other. In principle the Li-occupancy of NMC
and graphite can be refined directly from neutron data, but with the
low exposure times and thus low signal/noise ratio used here that
was not possible to do accurately enough. The potential during charge
and discharge plotted against 𝑥 in Li1-xNi0.8Mn0.1Co0.1O2 is shown in
Fig. 1b. The pristine Gr cell is close to the theoretical capacity with
a charge capacity of 205 mAh/g, and is assumed to be fully lithiated
𝑥 = 0.1 when discharged to 2.8 V and to be delithiated to 𝑥 = 0.75
when charged to 4.2 V, consistent with the study by Marker et al.
regarding NMC81 [35]. The NMC a-parameter for the pristine Gr cell in
the charged and discharged state has then been used to define 𝑥 = 0.1
and 𝑥 = 0.75, in turn allowing the three remaining cells to be plotted
on the same scale. In contrast to the pristine Gr cell utilising the full Li
range, the three other cells operate in a narrower range.

The pristine Si–Gr cell (3 cycles after formation, no. 2 being during
the operando neutron experiment) reaches the same delithiation state
at the upper potential as the pristine Gr cell, as would be expected since
the cathodes are identical. In the pristine cathode, Li can be accessed
and extracted fully during charge, and there is enough Li available in
the cell to fully lithiate the cathode during discharge. There is a clear
difference in the potential profile at 𝑥 < 0.5 however, which reflects a
different potential on the anode side. The total capacity of the Si–Gr cell
is however lower than the Gr cell, which is visible at low x values. This
is also visible from the cycling data shown in Fig. 1a, where the initial
cycles are 20 mAh/g lower for Si–Gr than Gr. The formation cycles are
not included here, but the difference is due to a larger initial loss of Li
to the SEI layer on the anode.

After 177 cycles (175 + 1 + 1; cycling + operando neutron +
operando XRD), the Gr cell has lost 4.04% of its initial capacity. From
Fig. 1b it is apparent that about 𝑥 = 0.04 of that lost capacity happens
at high potential, with the cathode not being fully delithiated, while
the lost 𝑥 = 0.05 at lower potential shows that the cathode is not being
fully re-lithiated during discharge.
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Fig. 2. Graphite phase fractions as percentage of total active material alongside voltage profiles, calculated from neutron diffraction. Plotted as a function of gravimetric anode
capacity. The total wt.% of all graphitic phases Lix C6 is also included for reference (a) Gr cell at cycle 2, (b) Si–Gr cell at cycle 2, (c) Si–Gr cycle at cycle 212. (d) Lithiation state
of graphite component in the different cells, calculated from the relative weight percentages shown in (a)–(c).
After 213 cycles (211 + 1 + 1), the Si–Gr cell has lost 30.75% of its
initial capacity. The cathode reaches the same state of delithiation as
its Gr counterpart, but loses significantly more when lithiated.

3.3. Lithiation of Si and Graphite components in the anode

Using X-ray and neutron diffraction it is possible to detect the
presence of the different phases graphite undergoes when lithiated,
beginning with pure graphite, transitioning to LiC24 and LiC18 with an
increasing Li content and correspondingly changing unit cell volume,
then transitioning to LiC12 before ultimately reaching the fully lithiated
LiC6 phase. LiC24 is difficult to refine using Rietveld refinement, so
is in effect captured in the LiC18 signal, meaning that LiC18 is not
stoichiometric to begin with [36]. ‘‘Graphite’’ will be used forthwith
to describe the anode as a whole in all its phases, any reference to the
graphite in its delithiated form will be mentioned as the graphite phase.
Once all graphite has reached the LiC6 phase, any further attempt
at lithiation would result in Li-metal plating on the surface of the
graphite anode. The aforementioned graphite-derived phases manifest
themselves in a single reflection in the X-ray diffractograms. In the
neutron patterns far more graphite reflections are visible, enabling a
potentially more accurate refinement of the different graphite phases,
and thus a more accurate determination of relative weight percentages
and lattice parameters.

3.3.1. Describing different graphite derived phases
In the Figures shown in Fig. 2 the weight percentage (wt.%) of the

four main graphite phases are shown for the pristine Gr cell (Fig. 2a),
the pristine Si–Gr cell (Fig. 2b), and for the aged Si–Gr cell (Fig. 2c),
as well as the total lithiation of the graphite component of the anodes
in Fig. 2d. Due to an unfortunate beam dump during the neutron
experiment, no data were collected on the aged Gr cell. The weight
percentages shown are percentages of the diffraction signal from active
material in the cell, ie. NMC and graphite. The voltage profiles are
5

plotted against the gravimetric capacity of the anode. All the cells begin
with graphite in its fully delithiated form. The 𝑥 in LixC6 is calculated
by summing the contributions from each of the phases LiC18, LiC12 and
LiC6, based on the weight percentages. The LiC12 and LiC6 phases are
stoichiometric, while LiC18 behaves as a solid solution and goes from
pure graphite to LiC18. As this happens the unit cell expands, and the
c lattice parameter changes. This is used to determine the contribution
from LiC18 to the total lithiation in graphite. The calculation used to
determine 𝑥 is given in Eq. (1).

The Gr cell in Fig. 2a begins with 32 wt% graphite, with the two
Si–Gr cells beginning at 27 wt% and 20 wt% graphite. The total wt.%
of all the graphitic phases present is also shown and corresponds very
closely to the actual graphite content in the assembled cell. The Si–Gr
cells were assembled with 35 wt% graphite (LixC6 tot.), and the Gr cells
with 42 wt%, here the measured proportions are 32 wt% and 40 wt%.

For the Gr cell an immediate onset of graphite lithiation is observed
as the graphite wt.% drops off almost immediately (Fig. 2a), as LiC18
rises. At around 100 mAh/g the phase fraction of LiC12 begins rising
and constitutes the totality of the graphite at around 150 mAh/g, or
60% of the charge capacity. It in turn gives way to LiC6, such that
when the Gr cell is fully charged, LiC6 reaches 27 wt%, with LiC12 at
14 wt%, and a total lithiation of 𝑥 = 0.77 in LixC6 (Fig. 2d). Since the
anode/cathode balance is 1.1, it makes sense that the anode is not fully
lithiated when the cell is charged. The process during discharge very
closely follows the charge process in reverse.

In the Si–Gr cell at cycle 2 in Fig. 2b the graphite signal remains
unchanged until around 60 mAh/g, with the rise in LiC18 signal delayed
accordingly. LiC12 reaches its peak at 25 wt% after 250 mAh/g, as
LiC6 begins to appear. At cutoff, the graphite in the anode is less
lithiated than in the Gr cell, with 𝑥 = 0.65 in LixC6 (Fig. 2d), apparent
by the lower proportion of LiC6 relative to LiC12 (Fig. 2b). During
discharge, the delithiation of LiC6 and LiC12 follows the lithiation in
reverse. A significant asymmetry is however apparent as LiC18 begins
delithiating around 40 mAh/g earlier than during charge, with graphite
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Fig. 3. (a) From neutron diffraction data. Si and graphite behaviour in the anode of a Si–Gr cell at cycle 2, calculated from the lithiation state of graphite in the pristine Si–Gr
cell and the pristine Gr cell. Plotted as a function of gravimetric cathode capacity. (b) From XRD data, volume change as 𝛥 thickness for all four cells. Plotted as a function of
gravimetric anode capacity.
likewise reappearing at this earlier stage. Since the wt.% of graphite
is practically constant at low anode capacities, it is clear here that
alloying and dealloying of Li and Si must account for the first 70 mAh/g
of capacity during charge, and last 110 mAh/g during discharge.

For the Si–Gr cell at cycle 212 (Fig. 2c), the picture is similar to
cycle 2, but with an earlier onset of graphite lithiation (40 mAh/g
versus 70 mAh/g for the pristine cell), and less hysteresis between
charge and discharge, with only 10 mAh/g difference between the
phase transition from LiC18 and graphite during charge and discharge.
When the cell is fully charged the LiC12 phase dominates, with a total
lack of LiC6, and thus a final lithiation of the graphite component of the
anode of 𝑥 = 0.55 in LixC6. It is interesting to note that the graphite in
the aged Si–Gr anode is not fully delithiated when discharged (Fig. 2d),
indicating kinetic limitations preventing full delithiation of graphite
particles. Unfortunately no neutron data was collected on the aged Gr
cell, to compare the degradation independent of any cross-talk effect
with Si.

3.3.2. Lithiation of graphite and Si
By combining the information from relative weight percentages

of the different graphite phases, it is possible to calculate the total
lithiation state of graphite in the anode. In the Gr cells this corresponds
to the lithiation state of the full anode, while in the Si–Gr cells it enables
the role of Si to be inferred from the difference between the Gr and Si–
Gr cells. Since the total mass of NMC is constant across all cells, and
known precisely, the NMC wt.% is used to calculate the final weight of
Li in graphite, assuming that the measured spot is representative for
the full cell. The lithiation state of graphite is then calculated from
the total weight of available Li known to be in the cell, representing
the stoichiometric Li contained in the 24.095 g of NMC in the cell on
assembly, ie. 1.72 g of Li per cell.

The alloying of Li and Si is difficult to detect directly with diffraction
techniques, since Li𝑥Si forms an amorphous structure after the initial
formation cycle. By comparing the lithiation patterns of the Gr and the
Si–Gr cells at cycle 2 shown in Fig. 2d, the lithiation path of the Si
component can be inferred. This has been done in Fig. 3a. The blue
line shows the Si–Gr cell at cycle 2, while the orange line shows the
wt.% of the total Li inventory in the pristine Si–Gr cell subtracted from
than in the pristine Gr cell. This is possible since the two cells are in
their pristine state and have identical cathodes. The wt.% of the total
Li inventory should add up to 89%, on account of the percentage of
the initial capacity obtained. In Fig. 3a it adds up to around 57% when
the cell is fully charged, indicating that all the Li is not accounted for.
Qualitatively the results show that Si is lithiated from the onset, while
the lithiation of Gr is delayed. After 40 mAh/g, Gr takes over, and after
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an initial rapid rise, slowly increases until the cell is charged. The Si
component lithiates at a slightly lower rate. During discharge there is a
clearer separation between Gr and Si, with delithiation predominantly
happening in Gr until after 116 mAh/g, with Si then delithiating in the
final stages of discharge.

3.4. Volume expansion

X-ray diffraction enables the detection of very small changes in
diffraction angles from different crystal planes. This provides the sen-
sitivity to detect changes in unit cell lattice parameters in the order
of a few thousands of an Ångstrøm. The set sample–detector distance
is used to calculate the diffraction angles from the crystalline sample,
so a change in sample displacement can thus be separated from a
change in unit cell parameters since its angular dependency is different
from that of the Bragg reflections, described in the literature [37–39].
The presence of identical Al and Cu current collectors in all the cells,
inactive components with strong diffraction signals that can be used as
references, allows the displacement of the sample to be refined with
precision, and changes in displacement to be compared between cells.
The cells were securely fastened to the sample stage, so the change
in displacement observed has been interpreted as a change in the
thickness of the sample. This technique is different from profilometry in
that it does not look at the displacement of the surface of the cell, but
rather the average displacement of all the crystalline material within
the 5 mm (thickness of the cell) × 1 mm × 1 mm volume exposed in
each of the 610 grid points. With a total of 32 electrodes, the local non-
planarity of individual electrode layers should not affect the overall
picture within each pixel. An overall tilting of the cell and sample
holder relative to the detector plane would express itself in a clear shift
in the constant diffraction peaks from Al and Cu, within the first scan
before the initial charge. This was not the case. The resulting change
in thickness as a percentage of the initial thickness is shown in Fig. 3b,
and the maximal change over the surface of the cells is shown in Fig. 4.
(Calculation detailed in supplemental material).

Purely based on the amount of NMC and Gr present in the cell,
the Gr cell should expand by 7%, and the Si–Gr cell by 12%. If the
expansion happened anisotropically this would signify an increase in
thickness of 0.4% and 0.5%, not taking into account any reduction in
porosity resulting from compression of the carbon black and binder
present in the anode. In this case the constraints of the cell housing
must signify that the expansion predominantly happens normally to
the current collectors. The two Gr cells expand by 10% during charge,
while the pristine Si–Gr cell expands by 17%.
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Fig. 4. From XRD operando lateral scans. Thickness variation across each cell when fully charged, shown as % of the starting thickness. Colour bars all show the same range of
𝛥 5%, centred around the mean value for each cell. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
The heatmaps in Fig. 4 show the maximum cell thickness, when
the cells are fully charged. The scales of all four heatmaps all show
the same range of 𝛥 5%, centred around the mean value, such that
inhomogeneity across the cell can be compared easier from cell to cell.
Both Gr cells expand significantly, but homogeneously. After 3 cycles
there is little variation across the cell, whereas at cycle 177, the centre
expands significantly more than the edges, albeit still 29% less than in
the pristine state. The Si–Gr cells expand in the same order as the Gr
cells, but less homogeneously. At cycle 3 there seems to be an edge
effect, with more expansion along the upper edge of the cell. In the
aged cell after 213 cycles, there are two under-expanded areas (blue
patches), as well as an area that sees significantly more expansion than
the rest (dark red patch), ie. closer to the level of thickness expansion
seen in the pristine Si–Gr cell.

3.5. Lithiation inhomogeneity across cathode and anode

The 2D maps obtained from the continuous scans across the four
pouch cells during operation made it possible to gauge any inhomo-
geneity in lithiation in the cathode and the anode during operation.
Using Rietveld refinement, and using the resulting lattice parameters
as well as phase fractions, the lithiation of the NMC cathode and
the graphite component of the anode have been mapped. They are
shown here as x in Li1-xNi0.8Mn0.1Co0.1O2 for NMC, and x in LixC6
for graphite.

The 610 diffractograms collected every 12 min have enabled the
creation of between 44 and 76 2D maps during a full cycle, corre-
sponding to between 4.5 and 2.7% of the total charge capacity. Each
2D map is thus also spread in time, with 12 min between the scan
taken in the first corner and the last. A 4% variation in state of
charge across the heatmap is very visible, and may obscure any spatial
inhomogeneity due to other effects. To address this in the heatmaps
showing x in Li1-xNi0.8Mn0.1Co0.1O2 for the cathode and x in LixC6
for the graphite component of the anode, a linear correction has been
applied, corresponding to the x difference between the timestamp of
the first and last diffractogram in a 2D scan. The heatmaps of the cells
are taken while they are still charging, avoiding any redistribution of
charges at equilibrium. The heatmaps in Figs. 5 and 7 when nearly fully
charged are taken before they reach cutoff, meaning that a red-shift
shows areas more active than blue shifted areas. The opposite is the
case in Figs. 6 and 8, where a blue shift shows the most active areas
leading the discharge. The heatmaps are interpolated across the 610
‘‘pixels’’ constituting each image.
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3.5.1. Cathode lithiation
As was shown in Fig. 1b, there is a large difference in how much the

cathode can be lithiated during discharge, reflecting large reductions
in Li inventory. Fig. 5 shows x in Li1-xNi0.8Mn0.1Co0.1O2 just before
the cell is fully charged, while Fig. 6 shows the same cells just before
they are fully discharged. All the heatmaps during charge in Fig. 5 are
plotted with the same range of x = 0.026, and during discharge in Fig. 6
with a range of x = 0.042, centred around the mean x value for each
cell, to make differences in inhomogeneity across the cells visible.

Looking first at the Gr cells, the cell at cycle 3 is homogeneously
charged and discharged, while after 177 cycles during charge the edges
are about x = 0.01 ahead of the centre of the cell (Fig. 5). The pristine
Si–Gr cathode lithiation is as homogeneous as the Gr cell, while the
aged Si–Gr cell is far more inhomogeneous, with the centre of the
cathode over x = 0.02 behind the edges during charge (Fig. 5), and
over x = 0.04 when discharged (Fig. 6). The aged Si–Gr cell is clearly
less active in the centre of the cell, with a more pronounced effect than
in the less degraded Gr cell. There are however notable spots of high
lithiation in the centre of the cell, amongst the areas of higher lithiation
(green spots in the middle of Fig. 6, bottom right frame).

3.5.2. Anode lithiation
The graphite lithiation has been calculated as in Fig. 2d for neu-

trons, but using the available XRD data. The absolute values are less
precise than the neutron data, but the relative differences across the
cell are still accurate. The heatmaps in Figs. 7 and 8 show the charge
and discharge of the graphite component of the anode as x in LixC6.
The total lithiation expressed as x in LixC6 only shows a partial picture
of the inhomogeneities across the cell, and relative changes in phase
composition. To accurately represent this aspect, heatmaps at the same
point in time as those shown in Figs. 7 and 8 are shown in Supplemental
materials. In the case of the Gr cell, the cell at cycle 3 shows a fairly
large inhomogeneity in x during charge (Fig. 7), but less so during
discharge. In the aged Gr cell, x during charge is more homogeneous,
while clearer inhomogeneities with a range of x=0.15 are visible during
discharge (Fig. 8). The heatmaps of the Gr cell anodes during discharge
are at a SOC of around 28% (relative to a slow cycle of the pristine
Gr cell), due to the premature termination of the experiment during
the final discharge of the cells. The x values are thus correspondingly
high. The Si–Gr maps during discharge (Fig. 8) are shown to correspond
to a similar SOC. As was the case with the cathode, the Li inventory in
the pristine Si–Gr cell is very homogeneous during (de)lithiation, while
significant heterogeneities across the electrodes are visible for the aged
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Fig. 5. Heatmap of x in Li1-x Ni0.8Mn0.1Co0.1O2 during charge. These heatmaps are captured towards the end of the charge cycle, before reaching cut-off potential. Red-shift shows
areas more active than blue-shifted areas. Colour bars all show the same range of x = 0.026, centred around the mean value for each cell, to ease comparison of inhomogeneity
between cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. Heatmap of x in Li1-x Ni0.8Mn0.1Co0.1O2 during discharge. These heatmaps are captured towards the end of the discharge cycle, before reaching cut-off potential. Blue-shift
shows areas more active than red-shifted areas, as the blue-shifted areas here are more discharged. Colour bars all show the same range of x = 0.042, centred around the mean
value for each cell, to ease the comparison of inhomogeneity between cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
Si–Gr cell. In the aged Si–Gr cell there is a tendency for more irregular
inhomogeneity in graphite lithiation than was the case in the cathode.
There are local areas with variations of up to x = 0.25 (Fig. 8, lower
right frame). When considering individual phases, it is apparent that
the centre of the cell has a strong LiC12 (Figure 8 in SI) and graphite
signal, while it has a lower LiC18 signal (Figure 7 in SI). Areas with
remaining LiC6, which are thus most inactivated, are distributed across
the cell (Figure 9 in SI).

4. Discussion

4.1. Lithium inventory

One of the main reasons the Si–Gr cells rapidly lose capacity is a
reduction in the amount of available and cyclable Li+. This is evident
from four factors:

Firstly, the Si–Gr cell degrades at a rate of 30.2% per 100 cycles
for the first 70 cycles (Fig. 1a). Once that capacity has been lost in the
second part of cycling, once the fade rate of the Si–Gr cell has stabilised
8

(Fig. 1a), the cell subsequently degrades slower, with a degradation
rate closer to that of the Gr cell. The fall in capacity is in part due
to polarisation, shown by the fact that the cell subsequently recovers
a large part of its capacity when cycled slowly during the operando
experiment. The low CE of the Si–Gr cell compared to the Gr cell
initially indicates the presence of an irreversible reaction. The CE rises
gradually and ends up close to that of the Gr cell in the later cycles,
which is due to Si becoming largely inactive.

Secondly, capacity loss on the cathode side happens at high lithi-
ation states, i.e. when 𝑥 < 0.4 in Li1-xNi0.8Mn0.1Co0.1O2 (Fig. 1b).
The cathode is still fully active, but a lack of Li inventory prevents
the cathode from being lithiated sufficiently during discharge. The
potential of the different cells at 𝑥 > 0.55 during charge and 𝑥 > 0.65
during discharge (Fig. 1b) shows that the degraded Si–Gr cell is not
operating with an increased overpotential when charged, so the loss in
capacity has not affected the kinetics on the cathode side to the extent
that can account for the capacity loss. Marker et al. [35] notice the
kinetics of extracting the last Li+ ions from the cathode worsening when
cycling cells to 4.4 V vs Li+, contrary to when they are cycled to 4.2 V as
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Fig. 7. Heatmap of x in Lix C6 during charge. These heatmaps are captured towards the end of the charge cycle, before reaching cut-off potential. Red-shift shows areas more
active than blue-shifted areas. Colour bars all show the same range of x = 0.14, centred around the mean value for each cell, to ease the comparison of inhomogeneity between
cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 8. Heatmap of x in Lix C6 during discharge. These heatmaps are captured towards the end of the discharge cycle, before reaching cut-off potential. Blue-shift shows areas
more active than red-shifted areas, as the blue-shifted areas here are more discharged. Colour bars all show the same range of x = 0.26, centred around the mean value for each
cell, to ease the comparison of inhomogeneity between cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
is the case here. There is an increase in overpotential during discharge
(Fig. 1b) arising when Li+ becomes difficult to extract from the anode.
The kinetic limitations leading to this increase in overpotential could
be due to the disconnection of graphite particles from the conductive
network within the anode.

Finally, the graphite on the anode side also operates at low lithia-
tion. The significant reduction of available Li+ seen from the cathode
delithiation is visible in the neutron diffraction data of the aged Si–Gr
cell (Fig. 2c) as a lack of any LiC6 signal when the cell is fully charged.

Most of the missing Li+ is not intercalated in inactivated NMC or
graphite. About x = 0.04 is left in the centre of the NMC cathode when
fully charged (Fig. 1b), and x = 0.15 is left in the graphite component
of the anode when the cell is fully discharged (Fig. 2d). Likewise any
inactivated LiC6, LiC12, as well as inactive graphite preventing further
intercalation, would remain visible in the phase fraction Figures in
Fig. 2. The x = 0.04 that remains intercalated in NMC at 𝑥> 0.7
in Li1-xNi0.8Mn0.1Co0.1O2(Fig. 1b) happens both in the aged Gr cell
and aged Si–Gr cell, and is most likely due to the slight overpotential
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resulting in the cell hitting the upper cut-off voltage of 4.2 V prema-
turely. The remaining Li+ could probably have been extracted with the
inclusion of a CV step, or a higher cutoff voltage, [35] and would be
worth investigating in a future experiment.

Since the graphite component of the Si–Gr anode operates similarly
to that of the graphite in the Gr cells, and the graphite has lost little
capacity compared to the overall capacity of the cell (Fig. 2d), the
SEI layer formed around the graphite particles is unlikely to be more
extensive than in the Gr cells. This means that the lost Li+ must either
be alloyed to inactivated Si, be incorporated in an increasingly large SEI
layer around the Si particles, or trapped in the centre of Si particles, as
proposed by Moon et al. [18].

4.2. Deconvoluting graphite (de)lithiation and Li alloying of Si particles

The alloying of Si relative to the lithiation of graphite can be
inferred by comparing Gr and Si–Gr cells. The (de)alloying of Si and
Li does not directly follow the (de)lithiation of graphite. This can be
seen from the following three factors :
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Firstly, on the voltage profile for the pristine Si–Gr cell in Fig. 1b
the potential difference between charge and discharge is markedly
different, with the potential dropping off during the end of discharge,
a very visible departure from the pattern of the Gr cell.

Secondly, the relationship between graphitic phase fractions during
charge and discharge for the Si–Gr cell (Fig. 2b) shows very clearly that
the onset of graphite lithiation comes at a much lower capacity than the
delithiation during discharge, meaning that although Si alloying begins
before graphite lithiation, during discharge Si dealloying is dominant
for the last 45% of the discharge, with graphite being completely
delithiated early on (Fig. 2b).

And finally, lithiation of the graphite anode in the Gr cell tops out
at 𝑥 = 0.75 in LixC6 (Fig. 2d), meaning that 72% of the available
1.72 g of Li originating in the cathode can be accounted for in the
graphite anode. The graphite component of the anode in the pristine
Si–Gr cell contains 43.3% of the same amount of Li when fully charged.
The discrepancy between the two is partly due to the slight capacity
difference, but is otherwise a clear effect of the Si in the anode, as
was observed in Fig. 2. The slow initial lithiation of graphite is visible
in Fig. 2d. After 213 cycles the Si–Gr cell has lost 36% of its initial
capacity, but only 22% of the available Li+ in graphite.

The Si and Gr contributions are deconvoluted in Fig. 3a. Heubner
et al. [8] found that during lithiation of the anode, alloying of Li and
Si dominated at anode potentials above 220 mV. Below that threshold,
graphite and Si alternately take over the reaction, leading to both
components increasing in Li content. The anode potential was not
measured here, but the from Fig. 3a, this would be a good explanation.
Heubner et al. describe that the asymmetry during discharge arises
because of a larger potential hysteresis for Si than graphite, with
Si mainly delithiating at anode potentials above 450 mV [8]. This
would match the results in Fig. 3a, with the Si level staying close to
constant until graphite is completely delithiated. Heubner et al. showed
this asymmetry very well in their ‘‘model-like blended electrode’’, but
quantitative analysis in commercial-type electrodes and full cells is
essential to validate that the mechanism is similar in actual blended
electrodes. The asymmetry was shown by Berhaut et al. using small
angle X-ray Scattering [40]. but was less visible in the data presented
by Moon et al. [18], where the discharge to a much larger degree
resembles the charge pattern.

4.3. Effect of electrode-wide inhomogeneity on Si–Gr anode degradation

The Li inventory across the pristine pouch cells during charge/
discharge is very homogeneous, while inhomogeneity in local Li inven-
tory across the electrodes is visible in the aged cells. For the Gr cells
there is up to a x = 0.1 difference between the centre of the electrode
and the edges the cathode. This is particularly visible in the Gr cell
at cycle 177, on the cathode during charge (Fig. 5). The Si–Gr cell
at cycle 213 has a x = 0.25 range on the graphite component of the
anode (Figs. 7 and 8), and a range of x = 0.02 during charge (Fig. 5
and x = 0.04 during discharge Fig. 6). The inhomogeneity across the
anode is thus ten fold larger than in the cathode, which could be an
inhomogeneous effect of Si.

In all the cells, the edges of the cells perform better than the centre.
This could be due to several factors. (1) It has been reported that in
cylindrical 18650 cells, electrolyte has a tendency to be depleted in
the centre of the cell and remain in the outer layers, and is directly
linked to loss of Li+ [28]. A similar effect could be happening here,
with electrolyte being depleted in the centre of the pouch cell perhaps
being incorporated in a larger SEI layer locally. This would increase the
local overpotential, and thus explain a SOC lower than the mean across
the electrode. (2) The pouch cells are cycled while clamped between
two plates. During preliminary cycling the cells were clamped between
2 mm plexiglas plates. The plates were not completely rigid, and may
have permitted more expansion in the centre of the cell than along the
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edges, in turn decreasing internal contact in the centre of the cell. The
thickness change in the pristine Si–Gr cell shown in the upper right of
Fig. 4 shows the effect that an unevenly clamped cell can most likely
have on expansion, with the cell expanding significantly more along
one edge. (3) Charalambous et al. show that high C-rates result in
seemingly random inhomogeneities across single layer pouch cells, but
that degraded cells tend to lose activity in the centre of the cell [29], an
effect that is especially seen here on the cathode side on the degraded
Si–Gr cells.

XRD provides a way to map volume expansion of a cell in 2D
operando, while still clamping the cell between two plates. Expansion
of Si particles has been shown to have a large impact on capacity
suppression of graphite in blended Si–Gr electrodes [18]. Since the aged
Si–Gr cell shows significant inhomogeneity in graphite (de)lithiation
it stands to reason that there could be a spatial component to the
suppression of capacity in graphite. The performed lateral mapping
shows that the volume expansion in the centre of the aged Si–Gr cell
(Fig. 4, bottom right) broadly coincide with the least active areas of the
graphite component of the Si–Gr electrode (Figs. 7 and 8).

The expansion seen here (Fig. 3b) is very large considering that
if the particles expand anisotropically, the expansion in 1D would
theoretically be under 0.5%. Gas evolution within the cell could also
lead to an expansion of the cell. Since the expansion is largely re-
versible, however, the dominant effect observed here is unlikely to
be due to gassing and bubble creation, which would result in a per-
manent expansion. These results are consistent with other authors
who describe that graphite anodes have a tendency to expand in a
highly anisotropic manner, with reported expansion of Gr electrodes
of 6%–7%, with particle expansion of 10%. They also observe highly
anisotropic expansion of Si–Gr electrodes, despite the isotropic nature
of the Si particle expansion [14], similar to the results shown here.
Others observe an expansion in the order of 10%–15% of pouch cells
with Si–Gr anodes [18]. The method shown here adds an extra 2D areal
aspect, enabling simultaneous operando measurement of local volume
change, and lithiation of both electrodes.

5. Conclusions

Four prototype 5 Ah multi-layer pouch cells with NMC811 cathodes
and either graphite or silicon–graphite anodes have been studied using
operando neutron diffraction and operando X-ray diffraction. One Gr
and one Si–Gr cell were degraded beforehand. It was demonstrated that
high-quality neutron diffraction data could be obtained without using
a deuterated sample, and that a quantitative Rietveld analysis could be
performed despite the geometrical shape of the sample resulting in a
highly asymmetrical absorption profile.

It was found that the predominant factor behind capacity fade in
Si–Gr cells is loss of Li inventory to Si. The graphite component of
the anode and the NMC811 cathode continue to operate with little
change in available capacity and overpotential, meaning that they are
not the limiting factor. The Si present in the blended anode is largely
inactivated during the initial 70–100 cycles.

The alloying of Si and the lithiation of graphite happens at different
rates, in an asymmetrical way during charge and discharge. It was
found that Si alloying dominates early on during charge at higher
anode potentials, with graphite and Si both contributing to anode
capacity in the later charge stages. During discharge, the two are more
clearly separate, with graphite being nearly fully delithiated before the
de-alloying of Li and Si begins.

By using the high X-ray flux and the fast detector at the DanMAX
beamline at MAX IV, combined with a rapidly moving sample stage, up
to 76 2D maps of the pouch cells could be obtained during a full cycle,
enabling quantitative phase mapping across a 2D area to be done. Here
it was observed that SOC inhomogeneity increased significantly with
degradation in the Si–Gr cells. There was up to 20% SOC difference
across the graphite in the anode, and 5%–6% SOC variation across the
cathode, despite the cathode itself not being very degraded. On both
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electrodes the edges of the cell remained more active than the centre,
presumably because of an increased expansion and pressure build-up.
XRD data was also used to track the cell expansion operando, and map
that expansion across the cell, linking it to electrode lithiation states.
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