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Abstract :  

Li-ion battery degradation processes are multi-scale, heterogeneous, dynamic and involve multiple 

cell components through cross talk mechanisms. Correlated operando characterization capable of 

measuring several key parameters are needed to accelerate understanding on these complex 

degradation processes. In particular, degradation mechanisms during overcharge of LiNiO2/Graphite-

Silicon is well known at the material level featuring O2 gas release and concomitant surface 

reconstruction of LiNiO2. However, there are still debates regarding the role of high voltage O1 phase 

formation on gas production and no information on the effect of produced gases on the cell 

components (anode or sensors), or effect of overcharge on electrode level behavior. In this work, we 

simultaneously measured the gas produced using operando mass spectrometry while spatially 

resolving nanostructure and lattice changes using operando micro SAXS/WAXS mapping during the 

formation and over charge of a LiNiO2/Gr-Si pouch cell. This new correlated operando characterization 

experiment allowed to (1) confirm the absence of O1 phase even with substantial gas produced at end 

of charge, (2) unveil the effect of gases on reference and negative electrodes, (3) show that overcharge 

increases in-plane reaction heterogeneities by creating local degraded spots lagging behind the 

ensemble electrochemistry. These findings will be important to optimize ageing of devices based on 

similar chemistries, in particular Ni-rich NMC, while showing the strength of correlated 

characterization leading to more efficient and robust information on complex mechanisms.  

 

 

Introduction 

The widespread development of electrical vehicles needed for the electrification of the 

transportation sector will require mining and refining very large quantities of raw materials, some of 

these being scarce or geographically concentrated1,2. Increasing the lifetime and the energy densities 

of lithium-ion batteries (LIBs) is therefore crucial to reduce the number of batteries that need to be 

produced and recycled, as well as to extend the driving range and minimize the environmental impact 

of the other materials (packaging, engine, wiring, etc.).  
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LiNiO2 (LNO) and Graphite-Silicon composites (Gr-Si) are promising materials for high-energy 

density Li-ion batteries (LIBs)3. LNO is the end member of the Ni-rich layered oxide family of general 

composition LiNiXMnyCoZO2 so called NMC (with x + y + z = 1 and x  0.6). These Ni-rich materials offer 

the dual benefit of high energy density and low Co content but suffer from higher degradation upon 

cycling. In particular, (1) lattice oxygen is partially released at high voltage causing surface 

reconstruction, electrolyte decomposition and gas evolution leading to battery safety risks4 and (2) 

severe intra-particle strains, arising from large unit cell parameter changes during cycling, give rise to 

particle fracture creating disconnected particles and newly exposed surfaces to the electrolyte5. On 

the anode side, graphite has been used for decades in Li-ion batteries, and Gr-Si composite, which 

features a higher energy density thanks to the alloying reaction between Li and Si, also suffers from 

poorer cycling stability. This originates partly in failure of the in situ formed passivating film (SEI, solid 

electrolyte interphase) upon repeated volume expansion/shrinkage of Si particles, leading to constant 

electrolyte consumption at the anode surface6. Anode-side and cathode-side degradations cannot 

only be studied separately as decomposition products formed at one electrode often lead to gaseous 

or dissolved species which migrate in the battery and react with other cell components, process 

commonly referred to as “crosstalk”7. Moreover, LIB degradation processes can depend on active 

material position in the cell and local defects. Indeed, it is known that electrode edges and/or active 

material areas around defects can have different states of charge (SoC) or reaction kinetics compared 

to the average electrode reaction, hence different degradation mechanisms8
. Finally, degradation 

depends also on battery usage, with fast charging or overcharge being particularly harsh conditions9. 

Clearly, degradation mechanisms in Li-ion batteries, and in particular batteries containing LNO/Gr-Si, 

are very complex because numerous, dynamic, occurring over multiple length scales and involving 

multiple components10. While a consensus on specific degradation mechanisms start to emerge at the 

material level, as described earlier for Ni-rich materials or Gr-Si composites, much work is still needed 

to (1) spatially resolve degradation processes at the material and cell level, and to (2) understand the 

correlation between different degradation mechanisms. For example, it is important to unravel 

interdependencies between cathode/anode phenomena, interactions between gaseous/soluble/solid 

species, or distribution of active/defective zones in batteries in nominal and abusive conditions.  

Along that line, we focus on understanding the correlations between structural evolution of 

LNO/Gr-Si materials and gas release especially during the formation cycle and overcharge at 5 V vs. 

Li/Li+. Moreover, we evaluate the spatial homogeneity of the cell degradation at high voltage to link 

the observed effects to the cell geometry. To address these questions, operando multi-probe 

characterization is necessary11 and can be done according to two general strategies being (1) carrying 

out several individual characterizations to measure specific parameters or (2) developing new 

instruments/techniques capable of measuring simultaneously as many key parameters as possible 
12,13. While the first approach is easier to execute, it still holds many challenges regarding for example 

the sample transfer (making sure that the sample remains intact between two measurements), or the 

use of the same test conditions and correlation of datasets (biases introduced by samples and 

measurements statistics). The second strategy is most desired because one gets information on the 

same sample, in the same cell and at the same time but requires developing instruments and operando 

electrochemical cells accommodating several probes. Focusing on the correlation between degassing 

and structural evolution of the active material, De Biasi et al. applied the first approach and measured 

averaged structural evolution in LNO/Li systems up to 4.5 V using operando laboratory X-ray 

diffraction (XRD) on pouch cell and gas formation measured with Online Electrochemical Mass 

Spectrometry (OEMS) using a different specially designed cell 14
. In terms of gas release, they observed 
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the formation of CO2 at 4.1 V vs Li/Li+ corresponding to the onset of the H2  H3 transition in LNO 

while oxygen is mostly produced after this transition. Other reports mentioned CO2 onset at 3.8 V or 

4.4 V with or without the presence of O2 15,16. Structure wise, De Biasi et al. observed the classical 

sequence of H1  M  H2  H3 phase transitions in general agreement with literature17,18. However, 

there are still debates on the formation mechanism of the O1 phase observed in some reports and 

suggested to be related to O2 loss19,20. To our knowledge, there is no report of simultaneous operando 

gas measurements and structural evolution of active materials during cycling (same sample, same cell, 

same time) in LIBs. In addition, to the best of our knowledge, there is no information available in 

general regarding the relationship between overcharge and gassing on the cell level reaction 

heterogeneity. Note that resolving operando in-plane degradation in pouch cell during fast charge 

(locating Li plating in single layer pouch cell) and ageing (reaction heterogeneity in prismatic cells) has 

been reported for NMC/Gr-Si systems21–23. 

The present work reports the simultaneous measurements of gases and mapping of active 

material structural evolution in a single layer pouch cell during formation and overcharge cycles. The 

LNO/Gr-Si pouch cell is connected to a mass spectrometer and entirely scanned with a synchrotron X-

ray microbeam during cycling to measure the time-resolved wide angle and small angle X-ray 

scattering (WAXS and SAXS) patterns. First, we obtain a direct correlation between the averaged 

structural evolution of the LNO and Gr materials determined by diffraction (WAXS) and the gas release. 

We find that CO2 and O2 are released at the end of the H2-H3 transition without noticeable bulk O1 

phase formation in LNO. Second, we quantify the in-plane heterogeneities in both electrodes by 

spatially resolving the lattice parameter changes. The observed heterogeneities are found to originate 

from three main sources – (1) edge effects due to oversized Gr-Si electrode, (2) reference electrode 

and (3) the gases generated during overcharge. Indeed, the discharge after the overcharge features 

very local spots (smaller than the mm) lagging behind the overall electrochemistry. Some of these 

positions correspond to visible fabrication defects of the pouch cell. We propose that gas bubbles 

formed during the overcharge gather and grow at cell defects inducing the observed heterogeneity.  

 

Experiment details 

Pouch cell: Single layer pouch cells are assembled using LiNiO2 electrode (94%wt. active material, 

3%wt. C65, 3%wt. PVDF - BASF) and Gr-Si electrode (85%wt of active material including 11%wt of Si 

nanoparticles - CIDETEC). Electrode capacity loadings are 3 mAh.cm-² and 3.3 mAh.cm-², respectively. 

The separator is two layers of DreamWeaver Gold, non-woven sheet made of Kevlar-type fibers, and 

the electrolyte is 1.3 M LiPF6 in ethylene carbonate (EC) and 10 wt.% fluoroethylene carbonate (FEC). 

Organic carbonate solvents with high vapor pressures such as dimethyl carbonate (DMC) and ethyl 

methyl carbonate (EMC) were not used in this study to prevent the mass-spectrometer contamination. 

The separator was chosen to ensure good wettability with the electrolyte. The cell was assembled in 

a dry room with a dew point of -40°C and all the components were dried prior to assembly at 105°C in 

vacuum for 24h. The electrode area was 2.3 x 2.3 cm2 for LNO and 2.7 x 2.7 cm2 for Gr-Si while the 

separator was larger to prevent short circuit (4.0 x 4.0 cm). The reference electrode is partially 

delithiated LiFePO4 (LFP) of ca. 0.2 x 0.2 cm size. It was electrochemically pre-delithiated to achieve a 

LFP/FP phase fraction of 1/1 to ensure stable electrochemical potential of 3.42 V vs. Li/Li+. The 

reference electrode was inserted between the cathode and the anode and electrically insulated by a 

layer of separator on each side. 1/32’’ diameter PEEK tubes were sealed in the pouch cell using a 

thermosealing polymer, and served as gas inlet and outlet for the cell. Positive Al and negative Cu tabs 

were also sealed in the pouch cell using thermosealing polymer. After assembly, the pouch cell was 
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pressed between two glassy carbon windows (4 x 4 cm2 and 0.5 mm thick) using stainless steel 

perforated plates and clips. The accessible area for SAXS/WAXS observations was 3 x 3 cm2. A picture 

of the cell and a schematic view of the investigated electrode stack are presented in Figure S1. 

Electrochemical cycling of the pouch cell was performed using a SP-300 potentiostat (BioLogic) in 

galvanostatic and potentiostatic modes by controlling the cell voltage  while measuring both positive 

and negative electrode potentials against the reference electrode. One formation cycle was 

performed at C/13 with cut-off voltages of 4.2 V and 2.5 V vs. Li/Li+ with a potentiostatic hold at the 

end of charge at 4.2 V. The hold ending conditions were achieved by either limiting the current to 0.24 

mA or the step time to 2h. The overcharge cycle was then performed at C/9 with cut-off voltages of 

5.0 – 2.5 V and a 3 h hold at 5 V at the end of overcharge. Note that the hold was interrupted after 30 

min for a short rest time in open circuit voltage (OCV) of 7 min. The temperature during the tests was 

26°C measuring at a temperature sensor placed against of external casing of the pouch.  

 

Gas analysis 

The pouch cell was mounted on the BM02 beamline at the European Synchrotron Radiation Facility 

(ESRF, Grenoble, France). The OEMS technique was applied to analyse the gases released during the 

electrochemical test of the pouch cell. For that purpose, a gas analysis line containing mostly 1/8’’ 

metallic tubes was built-up around the cell. Ultra pure Ar BIP® (> 99.9999%) was used as a carrier gas. 

A gas purification column was installed before the electrochemical cell to remove any possible residual 

impurities from the tubing. A digital mass-flow controller was used to supply a constant flow of Ar of 

2 mL.min-1 to the cell. The gas analysis line was equipped with a vacuum pump and a bypass to be able 

to clean/purge the tubing prior to passing the gas through the cell. Flexible 1/32’’ PEEK tubing sealed 

into the cell from both sides (Figure S1a) allowed a non-interrupted gas flow through the cell during 

its continuous movement. Hiden HPR20 S1000 triple filter quadrupole mass spectrometer with pulse 

ion counting electron multiplier detector was used for the measurements. The cell was purged with 

Ar for 3 h for stabilisation of baseline gas signals before starting the electrochemical test. The following 

mass-to-charge ratio (m/z) values were measured in Multiple Ion Detection mode: 44 (CO2), 2 (H2), 28 

(CO+C2H4 mostly with minor contribution from CO2), 29 (CO + C2H4 mostly), 32 (O2), 15 (CH4), 41 (C3H6). 

The volume of the electrochemical cell was 10 mL, giving a response time for OEMS analysis of 5 min. 

No calibration with a standard gas bottle was conducted during the experiment due to restricted beam 

time. However, the tests were repeated later in the laboratory for comparison with a gas 

quantification (Figure S10). 

GC-MS measurements were conducted with an Agilent 7890A system using a J&W DB-200 122-2032 

column. Injection occurred in split mode at 280 °C with 1 µL of sample carried by He gas with a 120 

mL·min-1 flow rate. The column temperature ramp started at 40 ° until 200 °C at 10°C/min. The mass 

analyser was a MSD5975C (Agilent) with electron impact ionization. 

 

SAXS/WAXS mapping  

SAXS/WAXS mapping was performed on the French beamline BM02 at the European Synchrotron 

Radiation Facility (ESRF). A 65 x 100 microns beam at 18 keV was used (= 0.6888011 Å). During the 

acquisition, the pouch cell was moved horizontally (x) and vertically (y) to scan the entire electrode 

surface, producing (x, y) maps of 31 x 31 pixels with pixel size of 1 mm in approx. 5 min. As the SAXS 

and WAXS modalities are available simultaneously by using two detectors, each pixel contained a 

WAXS and SAXS pattern. To reach this time resolution, “horizontal fly scans” were performed in which 

the pouch cell was continuously moved in the x direction from 0 to 31 mm while the shutter remained 
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opened. Detector images were averaged over 1 mm pouch cell displacement. Therefore, each 

detector image was an average in the x direction of 1 mm of the sample. After every horizontal 

continuous scan, the pouch cell was displaced vertically by 1 mm (in y direction) and a new continuous 

scan in x was performed until the full 2D maps were produced. WAXS patterns were recorded using 

an imXPAD WOS detector, while the SAXS was recorded on an imXPAD S540 detector placed 11.6 and 

3544 mm behind the sample, respectively. Sample-to-detector distance calibration was performed 

using reference materials: silver behenate (AgC22H43O2) for SAXS and lanthanum hexaboride (LaB6) for 

WAXS. Azimuthal integration was performed using PyFAI24 and the patterns were normalized by Io 

(incoming photon flux) and It (transmitted photon flux). Continuous acquisition was performed during 

the electrochemical cycling. Note that two detector shut-downs occurred during the formation cycle 

(middle of charge and of discharge) and provoked the absence of scattering data in these 

corresponding time lapse. After obtaining the WAXS patterns, data was re-calibrated to correct for 

the (small) difference in position between the LaB6 reference and the electrode in the pouch cell. 

Calibration was performed pixel by pixel using Cu peak position as a reference. Note that no 

displacement of the pouch cell was observed during cycling. Background removal was performed using 

Prisma25. Moreover, peaks that did not evolve during the formation cycle and overcharge were 

considered as background and subtracted from the patterns. To get Li concentration in LiNiO2, the 

centers of mass of (003) and (101) Bragg reflections were determined for every WAXS pattern and 

used to determine a and c lattice parameters. The Li concentration versus a lattice parameter 

calibration curve was fitted using charge of formation cycle and reference data14, and used to convert 

a in Li concentration. To determine Li concentration in graphite electrode, the relative intensity and 

center of mass of peaks in the 1.91 – 1.838, 1.837 – 1.805, 1.8 – 1.761 and 1.73 – 1.76 Å-1 regions, 

respectively corresponding to graphite, Stage 3, Stage 2/2L and Stage 1 (LiC6) transitions were 

determined26. The Li concentration of each phase is determined based on the peak center of mass 

following the work of S. Tardif et al.27 The overall Li concentration in graphite at every pixel position 

was obtained by averaging over the different phases weighted by their respective phase fractions 

calculated by the relative peak intensities. (111) Bragg reflection of crystalline silicon is observed in 

the WAXS pattern and used to qualitatively determine changes in crystalline Si amount. Radially-

averaged 1D SAXS data mostly consist of a decaying intensity with a slope Q-, without significant 

shape change during the electrochemical sequence, hence it was integrated between 4.10-3 and 3.10-

2 Å-1 to follow the averaged integrated intensity variations. 

 

Results 

 

General principle of the experiment and beam damage assessment 

The experiment consists in imaging the active material (de)lithiation in operando conditions inside 

a single layer LNO/Gr-Si pouch cell while simultaneously following gas generation (Figure 1a). For that 

purpose, a 10 x 8 cm2 pouch cell containing a 2.3 x 2.3 cm2 positive electrode is connected to a mass 

spectrometer through a gas analysis line continuously purged with Ar carrier gas allowing the chemical 

analysis of gases produced. Simultaneously, the entire electrode stack is scanned using a 65 x 100 µm2 

X-ray beam mapping a zone of 3 x 3 cm2 (Figure 1b). Wide and small angle scattering patterns are 

recorded simultaneously every 1 mm in the cell to resolve the atomic structure evolution of LNO and 

Gr with WAXS while also probing information on the nanoscale structure change using SAXS. These 

maps are recorded in 6 minutes, approx. 200 maps per cycle at C/13 and C/9, which corresponds to 

ca. 1% capacity change per map. A formation cycle up to 4.2 V and overcharge cycle up to 5 V were 
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successively measured. Both conditions are known to produce gases due to SEI formation and 

decomposition of cathode material together with electrolyte oxidation at high voltage.  

 

 

 
Figure 1: Principle of the operando correlated SAXS/WAXS mapping & OEMS a) schematic of the experimental set-up, b) 
2D transmission map of the electrode stack – the center (green) region corresponds to the LNO/Gr-Si stack while the yellow 
borders are the region where only the oversized Gr-Si is present. Contours of the electrode stack appear dark because of 
stainless steel sample holder. Pixel size is 1*1 mm. Each pixel contains a full WAXS (1D zoom shown) and SAXS pattern. c) 
Electrochemical data during the formation and overcharge together with the 1D WAXS data averaged over the stack. 
Background and peaks from current collectors were removed during the data analysis. * mark the position of the current 
collector peak residuals while most of the peaks above 3 Å-1 come from LNO. White stripes correspond to beam loss regions. 

 

Charge and discharge voltage profiles for both cycles are composed of several plateaus 

corresponding to the various well-known transitions during (de)lithiation of LNO and Gr-Si electrodes 

(Figure 1c)3,28. Note that the electrochemical profile is almost identical to similar pouch cells measured 

in the lab – in absence of X-ray beam (Figure S2). The pouch cell is equipped with a LFP/FP reference 

electrode to access the individual voltage of both electrodes. When looking at the individual voltage 

of both electrodes recorded against the LFP/FP reference electrode, an important drop of the cathode 
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and anode voltage during the 5 V (cell voltage) hold is observed for the cell tested at the beamline 

(Figure S2 c, e). In addition, subsequent to the 5 V hold, there is a drop of voltage of ca. 0.4 V at the 

beginning of the second discharge for both electrodes. The origin of this drop is nested in Li removal 

from the LFP of the reference electrode during the hold at 5 V, and is expected to increase the 

reference potential up to around 3.8 V vs. Li/Li+. Removal of Li was quantified operando from the 

LFP/FP phase fraction obtained by WAXS and ex situ by post-mortem electrochemical analysis (Figure 

S3 and S4). The concentration change (quasi-complete delithiation of LFP into FP) led to the temporary 

increase of the reference electrode potential, which shows that the measured cathode and anode 

voltage drops are not due to actual change in electrochemical potential of active electrodes. Turning 

to the WAXS signal, diffraction peaks of LNO and Gr are clearly visible on the spatially averaged WAXS 

patterns shown in Figure 1c. The (111) Si peak at 2 Å-1
 is barely visible due to the small fraction of 

crystalline Si in the electrode (11 wt.%) and its nanometric size (30 nm) (Figure S5-6). For LNO, the 

peak around 1.3 Å-1 corresponds to the (003) reflection of LNO (R-3m) and is indicative of the interlayer 

distance between the NiO2 slabs of this layered material. It shifts towards lower Q values (larger 

interlayer distance) at the beginning of charge and higher Q values (smaller interlayer distances) at 

the end of charge with a strong shift at the very end corresponding to the formation of the so-called 

H3 phase18. Moving to the anode side, peaks in the region between 1.75 – 1.95 Å-1 are indicative of 

the presence and interlayer distance of graphite and Li intercalated compounds. Typical reported 

phase sequence during lithiation features graphite (≈ 1.87 Å-1), Stage X for X > 3 (≈ 1.85 Å-1), Stage 3L 

(≈ 1.81 Å-1), Stage 2/2L (≈ 1.79 Å-1), and Stage 1 (≈ 1.70 Å-1)26. The overall evolution of LNO and Gr 

diffraction peaks during charge and discharge follows similar trend to reported work29. The gas 

evolution profiles measured during cycling at the ESRF and in the lab (without X-ray exposure) using 

OEMS are compared Figure S7 and Figure S8. The data obtained in the lab feature a slightly better 

signal for some gases due to lower baselines thanks to a more efficient purge of the cell and line prior 

to electrochemical tests. Nonetheless, the gas evolution trends are essentially the same for both cells, 

confirming the absence of beam effect on gas production even at high voltage where the 

electrochemical decomposition of the electrolyte occurs. 

 

Formation cycle 

Having ruled out beam damage effect on electrochemistry, structural changes and gas signal, we move 

to a more quantitative analysis of the data starting with the formation cycle. Interlayer distance for 

LixC6, c parameter for LNO and normalized SAXS integrated intensity between 4.10-3 and 3.10-2 Å-1 

(Figure S9) are calculated at different pixel positions in the pouch cell and plotted together with the 

gas signal and the voltage profile on Figure 2. Graphite interlayer distance increases from the 

beginning of charge with a strong heterogeneity depending on the position in the pouch cell. Indeed, 

graphite not directly facing LNO (green) lithiates to a lesser extent than the edges (purple) and center 

(orange), which is expected due to the oversized Gr-Si electrode compared to LNO. During discharge, 

almost full graphite delithiation is achieved at the middle of discharge suggesting that only Si 

delithiation occurs in the second half of discharge. During the 1st charge, the intensity of the crystalline 

Si peak decreases continuously by up to 35 % (Figure S5 and S6), which is consistent with the crystalline 

to amorphous transition during Si lithiation and shows the continuous participation of Si during 

charge. Peaks attributed to Li15Si4, the crystalline end-member of the electrochemical Li-Si system, are 

not evidenced, supporting the incomplete reaction of Si and its participation within an amorphous 

phase. No changes in the Si peak intensity is observed during discharge showing that the reacted 

silicon remains amorphous after delithiation. This is a characteristic of Gr-Si composite electrode, for 
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which there is a simultaneous lithiation of graphite and silicon during the first lithiation, and a 

sequential delithiation with graphite being the first to delithiate13. For the LNO, the increase and 

decrease of c parameter during charge appears much more homogenous over the pouch cell with the 

exception of the H2  H3 transition, corresponding to the rapid decrease of c. Indeed, while the edge 

is the first to undergo complete H2  H3 transition, LNO at the reference electrode position still 

contains H2 after reaching 4.2 V. Delithiation occurs symmetrically to the lithiation. Regarding SAXS 

data, as the intensity scales as the volume of scatterers, it is very sensitive to local heterogeneities in 

mass loadings and positions probed in the cell. Therefore, Figure 2 shows the SAXS integrated intensity 

subtracted from the intensity at the OCV, called normalized SAXS integrated intensity. It remains 

constant during the formation cycle apart from a reversible increase at the end of charge for the edge 

and center position. The good correlation between c parameter change of LNO and SAXS integrated 

intensity increase suggests that the SAXS signal is dominated by LNO electrode evolution, potentially 

linked to the rapid increase of LNO density due to the decrease of the unit cell volume. Gas evolution 

during formation cycle features H2 and C2H4 which are observed at the beginning of the first charge 

along with contributions from CO2 and C3H6 (Figure S7 and S8) corresponding to the SEI formation30.  

A pronounced CO2 formation starting with the cell charge in Figure S8(d) corresponds to the SEI layer 

formation and to surface Li2CO3 oxidation for LNO, in agreement with literature data31,32. A small CO2 

signal is observed in the lab experiment in Figure S8(d) (not visible during the synchrotron experiment) 

at the very end of the first charge and at the beginning of discharge likely due to reactive oxygen 

release from LNO material and reaction with electrolyte as reported previously14.  
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Figure 2: Structural changes and gas formation during the formation cycle. From top to bottom, evolution during formation 
cycle of the interlayer distance in graphite, c parameter of LixNiO2, SAXS integrated intensity, gas evolution for specific 
fragments. For all these graphs (apart for the gas analysis), different positions in the pouch cell are shown namely center, 
reference electrode, edge, and Gr-Si only in orange, brown, purple and green respectively. Black curve corresponds to the 
average over the entire electrode while the blue curve represents the full cell voltage profile. At the top of the graph, a 2D 
transmission map of the pouch cell showing selected pixel positions in the pouch cell together with the borders of the LNO 
electrode (red dotted line). Vertical grey dotted line is a guide to the eye marking the end of the charge.  

 

Overcharge 

Turning to the overcharge, similar metrics have been extracted from the data and are shown in 

Figure 3. The general structural evolution during overcharge is similar to the formation cycle with, 

however a few differences, described and discussed in the following. Focusing first on graphite, 

lithiation does not start at the beginning of charge but after 2.5 h (at C/9). This results from the 

lithiation of amorphous silicon formed at the end of the 1st discharge which occurs at higher voltage 

compared to graphite33. At 5 V, there is strong heterogeneities in the interlayer distance across the 

pouch cell (see further for Li quantification). During the 5 V hold (3h), the heterogeneity does not 

evolve while the average interlayer distance decreases very slightly suggesting partial delithiation. One 

of the possible explanations for this can be reactions of intercalated lithium with CO2, as also observed 
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for LFP reference electrode34,35. Another possible explanation is a reaction between lithiated graphite 

and remaining crystalline Si due to charge dynamics redistribution as evidenced by Berhaut et al. 

during relaxation step36. Unfortunately, this is difficult to quantify due to the low Si peak intensity. 

During discharge, and despite the hold, graphite interlayer distance reversibly gets back to initial 

values, and as observed during the formation cycle, graphite almost fully delithiates during the first 

half of discharge. For LNO, at 4.3 V, the average c parameter reaches 13.34 Å with little in plane 

heterogeneity indicative of complete H2  H3 transition. During 5 V hold, the average c parameter 

for LNO decreases slightly showing signs of bulk modification during the hold but without traces of O1 

phase formation (Figure S11). These modifications could be related to delithiation of the last Li ions 

having slow diffusion37. During discharge, the average c parameter returns back to its original value 

and for some central position, the H3 phase is observed over a wider voltage range compared to the 

charge (this will be discussed in more details in next sections).  

The overcharge gas evolution is shown Figure 3d, Figure S7-8, which is not described for LNO/Gr-Si 

cells in the literature yet. There is a massive gas evolution starting at the end of the H2 - H3 transition 

concomitant with rapid voltage raise. CO2, CO and O2 are produced by the positive electrode side at 

high voltage. This finding has been confirmed by a specially designed OEMS experiment where a pouch 

cell containing LNO positive and delithiated LiFePO4 negative electrodes were used, see Figure S10. 

CO2, CO and O2 are probably due to chemical oxidation of the electrolyte via lattice oxygen as 

described earlier, and by the direct oxidation of ethylene carbonate, FEC and carbon black at voltages 

> 4.7 V vs. Li/Li+ 38,4,39. Note that traces of HF were detected during a 5V hold at m/z = 19, which 

supports the mechanism of electrochemical oxidation of EC and its subsequent reaction with PF6
- 

anion40. The other gases observed i.e. H2, CH4, C2H4 and C3H6 originate from the reductive 

decomposition of the electrolyte at the negative electrode at low potentials. The presence of these 

gases is unexpected as the negative electrode is assumed to be passivated by a SEI layer. Presence of 

Li plating is ruled out by the high negative/positive electrode loading (N/P) ratio of 1.51 used in this 

study and the absence of Li metal peaks in the diffraction patterns. The formation of hydrocarbons is 

therefore indicative of constant SEI formation and breakdown which might originate from the 

presence of HF and/or gases formed at the cathode damaging the SEI. Note that the amount of formed 

hydrocarbons is higher than during the SEI formation hence the observed gas evolution is likely not 

due to residual lithiation of amorphous Si. Post-mortem GC-MS analysis of the electrolyte for the cells 

tested at the synchrotron and in the laboratory revealed considerable consumption of FEC for both 

cells and in situ formation of vinylene carbonate (VC) after cycling, Figure S12 and Table S1. Conversion 

of FEC to VC was described previously by Etacheri et al. which was associated with HF formation 41. 

After approx. 1h of 5 V hold, there is an increase of C2H4 production together with a decrease of the 

O2, H2 and CO2 gas production which remains constant for the last 2h of the hold. This decrease could 

be related to a passivation of the LNO oxide surface. This result agrees partially with the data reported 

by Papp et al.42 in which CO2 evolution was quickly diminished during a 5 V hold for LNO. The 

concomitant increase of C2H4 and decrease of O2 can be explained to the exothermic reaction of C2H4 

with O2 forming CO2 
34. Some of the above-mentioned hypotheses are confirmed by the difference in 

total amounts of gases generated by LNO/delithiated LFP and LNO/Gr-Si cells during the overcharge 

cycles. Figure S10(d) demonstrates larger amounts of CO2 and CO produced when Gr-Si electrode was 

used as well as the absence of H2 and other hydrocarbons for LFP negative electrode. Increased CO2 

production for LNO/Gr-Si cell may come from FEC reduction at low potential and from partial 

conversion of C2H4 to CO2 in reactions with oxygen34.  
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SAXS intensity increases during overcharge in three different regions. First, between 4 V and 4.2 V 

as observed during the formation cycle, the SAXS intensity increases concomitantly with the H2  H3 

transition. From 4.2 V to 5 V, the unit cell volume of LNO barely changes, while the SAXS intensity 

continues to increase. Interestingly, this voltage range is exactly where gas evolution starts to increase 

massively. During the hold, the SAXS intensity continues to increase with a slower rate while the gas 

evolution rate also slows down. At the end of discharge, the intensity does not come back to its original 

value showing the irreversibility of some of the probed nanostructural changes. Analysing 

quantitatively the SAXS signal is difficult, as it contains contributions from both anodic and cathodic 

materials, arising from large grains interfaces as well as nanosized objects. Morevoer, it scales with 

different terms as volume fraction, specific surface, two-phase electronic contrast and particle form 

factors. Nevertheless, the correlation between the observed LNO structural changes is a strong 

indication that the the SAXS intensity increase could be due to densification of the LNO due to 1) 

massive c parameter contraction during the H2  H3 transition, and 2) the irreversible formation of 

densified surface layer due to O loss (See SI for more details). 

Before moving on to next section, we summarize some of the important aspects of LNO/Gr-Si cell 

overcharge revealed by the direct correlation between structural evolution and gas released: (1) 

massive gas release from the LNO can be observed without substantial O1 phase formation, (2) gas 

released can react with cell components (oxidizing the electrolyte, LFP, or lithiated graphite as 

observed by the reduction of the interlayer distance during hold), (3) overcharge also leads to 

substantial gas release from the anode even if it is not fully lithiated and in absence of Li plating, (4) 

there is concomitant decrease of the nanostructural change rate and gas evolution after 1 h of hold at 

5 V which is probably due to a close to complete surface densification on LNO.  
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Figure 3: Structural changes and gas formation during the overcharge cycle. Evolution during overcharge of the interlayer 
distance in graphite, c parameter of LixNiO2, SAXS integrated intensity, gas evolution for specific fragments. For all these 
graphs (apart for the gas analysis), different positions in the pouch cell are shown namely center, ref, edge, and GrSi only in 
orange, brown, purple and green respectively. Black curve corresponds to the average over the entire electrode while the 
blue curve represents the full cell voltage profile. At the top of the graph, a transmission image of the pouch cell showing the 
selected positions in the pouch cell together with the borders of the LNO electrode (red dotted line). Horizontal lines at guide 
to the eyes to better appreciate to lattice parameter and SAXS intensity change during the hold at 5 V. Vertical grey dotted 
lines indicate the end of the charge (before the hold) and the beginning of the discharge. 

 

 

Resolving spatial heterogeneities  

From the previous section, it appears that the average structural evolution of LNO and graphite 

during the discharge after overcharge is fairly similar to the discharge of the formation cycle, hence 

suggesting only minor impacts of overcharge on the battery performance. To get more details about 

the effect of the overcharge, we analyze the spatial distribution of lithiation rates during and after the 

overcharge. Along that line, Li concentration maps in both electrode materials for all times have been 

produced based on lattice parameter variations. Briefly, aLNO parameter is determined from both (101) 

Center

Edge

GrSi only

Ref. 
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and (003) reflections and used to estimate lithium concentration in LNO using charge of the formation 

cycle and reference data from literature (Figure S13 and S14)14. On the graphite side, lithium 

concentration is estimated from both the phase fraction and interlayer distance of the different stages 

as reported earlier27. After obtaining dynamic lithium concentration maps, heterogeneity maps are 

produced by subtracting the spatial average across the entire electrode from the local Li concentration 

([Li] in a pixel) (Figure 4 and 5 for LNO and Gr respectively). Note that for graphite, the average Li 

concentration was not calculated over the entire electrode but over the electrode part directly facing 

LNO electrode. This allows better visualization of heterogeneities in the electrochemical stack by ruling 

out the effect of the oversized anode electrode. In the following, we start by describing the 

heterogeneity of the lithiation rate followed by a discussion on the origin of such phenomena.  

Focusing on the overcharge of LNO, the heterogeneity profile (spatial distribution of heterogeneity) 

depends on the state of charge and is visually maximum at approximately x = 0.75, as observed on the 

map at x = 0.76 shown Figure 4a. For x ranging between 1 and 0.5 (x in LixNiO2), electrode edges are 

always more delithiated (red) compared to the center of the pouch cell (blue). At higher SoC (0 < x < 

0.5), the heterogeneities are weaker and the bottom edge of the pouch cell is the most delithiated 

zone. This edge was held down during the experiment and is also where the positive and negative tabs 

are located. It suggests that either electrolyte accumulation and/or shorter electronic diffusion 

pathways could results from lower overpotential hence early delithiation of LNO. At high state of 

charge, heterogeneities can be observed at the reference electrode position (blue dots at x = 0.32). 

During discharge after the overcharge, the general heterogeneity profile is similar to the charge (LNO 

in center of pouch cell is more lithiated compared to the edge) with however the presence of some 

very local heterogeneities not observed during overcharge and located at the center of the pouch cell, 

or close to the reference electrode position for example (visualized on Figure 4b as red pixels hence 

more delithiated areas). To quantitatively measure the intensity of the heterogeneities, standard 

deviation of the Li concentration histogram in the LNO electrode is shown in Figure 4c for all cycles. 

Apart from the 1st charge (See Figure S15 and S16), the heterogeneity versus SoC curve shows several 

minima located approx. at x = 0.85, 0.65, 0.5, 0.3. Interestingly, there is a correlation between these 

minima and dQ/dV of LNO (Figure 4d) indicating that heterogeneities arise at voltage plateaus. 

Discharges have similar profiles and are more heterogeneous than the overcharge (i.e. shows a higher 

standard deviation value).  

Turning to the graphite during overcharge (Figure 5), the heterogeneity profile clearly shows 

that graphite not facing LNO electrode display a lower degree of lithiation (red). In the following, we 

focus on the heterogeneity of graphite facing LNO electrode (that is inside the black dotted line 

representing the LNO electrode contour in Figure 5). Generally, graphite is more lithiated (blue) in the 

center of the pouch cell with the exception of a broad horizontal line crossing the pouch cell. Lithiation 

difference between edges and center is SoC dependent, as it is stronger for example at x = 0.39 

compared to x = 0.49. During discharge, the same heterogeneity pattern is observed with also very 

local heterogeneities appearing as speckles on map at x = 0.30 or blue dots at x = 0.09 located at the 

center of the pouch and reference electrode (more lithiated areas). On the standard deviation of the 

Li concentration histogram for the graphite directly facing LNO presented in Figure 5, it can be seen 

that (1) heterogeneity values are in average twice as high in graphite compared to LNO, (2) the 

heterogeneity depends on SoC with local minima at x ≈ 0.1, and 0.5 somewhat matching the inflexion 

points in graphite electrochemical curve during lithiation (corresponding to pure Stage3L and Stage2), 

(3) the discharge after the overcharge is much more heterogeneous especially for 0 < x < 0.4.  
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Figure 4: Reaction heterogeneity in LNO during overcharge and the discharge after overcharge. Top panel shows Li 
concentration deviation maps for the overcharge (top) and discharge after overcharge (bottom). Li concentration deviation 
maps are calculated by subtracting the spatial average across the entire electrode, <x>, from the local Li concentration, x, 
resulting in blue and red regions corresponding to zones having more and less Li compared to the average electrode. Maps 
are shown at key steps labeled 1 to 8, ranging from <x>=0.85 to <x>=0.17. The bottom panel shows the standard deviation 
of the Li concentration histogram for each maps – which is a quantitative description of the amplitude of the spatial 
heterogeneity – together with the dQ/dVdV of the overcharge cycle calculated for the LNO. Purple colors are used for the 
charges and orange for the discharges. Note that the charge starts at Li0.85NiO2 due to Li loss in SEI formation during the 
formation cycle 

overcharge

discharge
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Figure 5: Reaction heterogeneity in graphite during overcharge and the discharge after overcharge. Top panel shows Li 
concentration deviation maps for the overcharge (top) and discharge after overcharge (bottom). Li concentration deviation 
maps are calculated as follow : for each pixel, the local Li concentration (of the pixel), x, is subtracted the average Li 
concentration in the graphite electrode facing the LNO electrode, <x>local, resulting in red and blue regions corresponding to 
zones having more and less Li compared to the average electrode. The bottom panel shows the standard deviation of the Li 
concentration histogram for each maps – which is quantitative description of the amplitude of the spatial heterogeneity – 
together with the dQ/dVdV of the overcharge cycle calculated for the graphite-silicon electrodes. Purple colors are used for 
the charges and orange for the discharges. 

We have shown that overcharge leads to local heterogeneities during the subsequent discharge. 

Interestingly, some of these local heterogeneities are found at the same positions on both positive 

and negative electrodes, as highlighted in Figure 6a-b. Moreover, by comparing Li concentration in 

LNO and graphite at these positions with electrode ensemble Li concentration (Figure 6c), it is clear 

that reactions at these positions are kinetically limited. Indeed, for LNO the local Li concentration 

during overcharge (purple line) matches the ensemble electrode lithiation as it follows the straight 

dashed lines (corresponding to xlocal = xensemble). However, during the subsequent discharge, the local Li 

concentration (orange line) during the discharge deviate from the dashed line with the local 

concentration being smaller compared to the ensemble electrode concentration. For the graphite, 

local Li concentration during overcharging does not superimpose to the dashed line (due to the much 

larger heterogeneity observed in the graphite electrode compared to LNO), but the deviation to the 

ensemble Li concentration is even more pronounced during discharge. Note that before 5 V hold, 

(de)lithiation kinetics at these positions was closer to the ensemble electrode reaction confirming the 

detrimental effect of overcharge. Interestingly, the pouch cell was opened after the experiment and 

a visible defect was observed in the anode, which position matches some of the most pronounced 

damaged zones (Figure 6d).  

overcharge

discharge
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Figure 6: Overcharge based local heterogeneities. a) and b) are Li concentration deviation maps averaged over the entire 

overcharge and discharge, respectively (shown in purple and orange, respectively). Top and bottom maps are for LNO and 

graphite, respectively. All maps have dotted circles highlighting the position of heterogeneities observed during the 

overcharge. Dotted circles are the same for all conditions and sample. c) Electrode average Li concentration (ensemble x in 

LixNiO2 and LixC6 for the top and bottom panel, respectively) versus local Li concentration inside the circles shown in the 

maps a) and b). Purple and orange lines are for the overcharge and discharge, respectively. d) Picture of the dried and washed 

negative electrode after disassembling of the pouch with traces from the reference electrode and from the separator defect 

(line also visible on the separator after disassembling the cell). 

 

Discussion on the origin of the heterogeneities: 

In summary, we evidence four heterogeneity effects: (1) graphite not facing LNO is under lithiated, (2) 

there is frequently a delay of the reaction mechanism close to the reference which is presumably due 

to mechanical deformation leading to different current distribution (3) lithiation heterogeneity 

between electrodes edge and center is SoC dependent and occurs at every cycle, (4) there are local 

spots lagging behind the ensemble electrochemistry only present during the discharge after the 

overcharge.  

In the following, we discuss the origins of the third and four type of heterogeneity which have very 

different characteristics. Regarding the SoC-dependent heterogeneity (n°3), the edges (4-5 mm) of 

LNO are always more delithiated compared to the center of the pouch cell in charge or discharge, or 

during voltage holds. For graphite, the edges are also more delithiated during charge and discharge 

together with a broad line visible at the center of the pouch cell. These observations shows that Li 

inventory (that is the sum of Li in cathode and anode) might not be spatially homogeneous over mm 

(in this case, area larger than the mm at the edges have less lithium compared to the center). 

Moreover, our observation also shows that this type of in plane heterogeneity is not kinetically 

controlled but rather related to the shape of the voltage curve. To explain why both the LNO and 

graphite electrode are under lithiated at the edges, we propose that Li extracted from LNO inserts 

over a large region in the graphite electrode (extending to graphite not directly facing LNO electrode), 

which leads to under lithiated graphite. In turn, the under lithiated graphite electrochemical potential 

is higher which drives a higher electrochemical potential at the LNO electrode because full cell voltage 

is fixed. The raise of the electrochemical potential at the edges leads to lower Li concentration in LNO 

especially around flat voltage regions for which a small change in potential leads to large Li 

Ref electrode position

Separator
defect

a) b) c) d)

LNO

Graphite
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concentration change. This explains the SoC dependence of the heterogeneity. This effect, 

emphasized in our single layer pouch cell, may also appear in commercial system due to other sources 

of local heterogeneous cell balancing. The fourth heterogeneity is only visible after the overcharge, 

and consists of very local spots which appear to be lagging behind the ensemble electrochemical 

reaction (in this case, slower delithiation for LNO and lithiation for graphite). Some of these local spots 

are visible for both electrodes while some are only observed on the graphite electrode – which seems 

more affected by overcharge based on the standard deviation values reported in Figures 4 and 5. For 

the spots present on both electrodes and matching the presence of visible separator defects, we 

believe the delay in the electrochemical reaction might be caused by gas bubbles gathering at these 

positions, coalescing and pushing out the electrolyte, hence leading to higher resistance areas. 

Interestingly the rest of the LNO electrode does not seem to be affected by overcharge despite 

massive gas release and nanostructural modification at relatively slow C-rate used in this work. 

Graphite is more affected which is possibly correlated with the presence of C2H4 and H2 suggesting SEI 

evolution on graphite surface.  

 

Conclusion : In this work, we have demonstrated the proof of concept of an operando multi-probe 

experiment producing high-quality and correlated WAXS/SAXS mapping together with gas evolution 

data during formation and overcharge of LiNiO2/Gr-Si single layer pouch cell without beam damage 

effect on any of the datasets. Correlative analysis of the datasets provide a series of new insights on 

overcharge mechanism namely (1) massive gas release from the LNO can be observed without 

substantial O1 phase formation, (2) gas released can react with cell components (oxidizing the LFP or 

graphite-silicon electrode) questioning the general perspective on the chemical durability of sensors 

in battery, (3) overcharge leads to substantial gas release from the anode even if it is not fully lithiated 

and in absence of Li plating showing the importance of cross talks reactions, (4) defects, tabs, ref 

electrode and wrong local electrode balancing introduces heterogeneous reactions which needs to be 

taken into consideration for thermal and/or ageing simulations (4) overcharge produces local spots 

featuring kinetically limited (de)lithiation reaction possibly due to trapping of gas bubbles in cell 

manufacturing defects. This method can be applied to investigate more severe overcharging 

conditions and/or high temperatures, as requested for battery homologation. It would be particularly 

interesting to follow Ni-rich materials thermal stability in a variety of usage or abusive conditions, as 

it is directly linked to crystal changes and oxygen release. Moreover, our results emphasize the 

importance of controlling internal defects that may induce thermal, mechanical and electrical 

heterogeneities affecting local chemistry and electrochemical redox reactions. Homogeneous cell 

designs optimizing tabs location, or smart cells built with miniaturized gas sensors and stable reference 

electrode, together with chemistry tuning (Ni-rich coating, electrolyte,…), appear to be key to limit 

gassing and avoid the local increase of internal resistance, inducing local overheating and 

over(de)lithiation, and potentially leading to safety issues. Coupling the OEMS-SAXS/WAXS set-up to 

other probes, particularly to chemical-sensitive techniques capable to measure soluble species or 

interfacial compounds, would be the next step to integrate knowledge from electrochemistry, 

structure, gas generation and chemical environment measures for a full holistic characterization of full 

cells. 
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Figure S1: A photograph of the instrumented pouch cell tested during this study with glassy 

carbon windows and a stainless steel holder/frame (a); schematic view of the electrode stack 

with dimensions of the electrodes and the glassy carbon window transparent for 

SAXS/WAXS. 

 

 

- +

Negative electrode 2.7x2.7 cm2

Positive electrode 2.3 x 2.3 cm2

Reference electrode 0.2 x 0.2 cm2

Glassy carbon window 2.5x2.5 cm2
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Gas inlet

Gas outlet
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Figure S2. Electrochemical charge –discharge curves obtained during the two first cycles 

with different upper cut-off limits for two identical LNO//GrSi- cells with partially delithiated 

LFP reference electrodes in EC/1.3M LiPF6, 10%wt. FEC electrolyte tested at ESRF (a), (c), 

(e) and outside the beamline in the laboratory (b), (d) and (f). Full cell voltage profiles (a) and 

(b); positive electrode potential profiles measured with the help of the reference electrode (c) 

and (d); and negative electrode potential profiles (e) and (f). 
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Figure S3. – Evolution of the WAXS pattern at the reference electrode position during the 

overcharge (going up). LFP peaks located at 2.07 Å disappear while the FP peak gain in 

intensity at the end of the overcharge.  

 

 

 
Fig. S4. Estimated Li/Fe content based on the first delithiation capacity over averaged 

delithiation capacities measured for recovered LFP and pristine LFP reference electrodes 

measured in coin cells vs. Li at 5 A. This estimation assumes that the averaged delithiation 

capacities correspond to 1 Li/Fe. In reality, these capacities were lower than 1 Li/Fe since the 
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current of 5 A corresponding to about C/5 (capacities around 25 Ah) is insufficiently slow to 

allow the full (de)lithiation of LFP electrodes. In addition, there can be a contribution from the 

electrode recovery process from the cell. In turn, this can explain why the Li/Fe is slightly 

higher than 1 in the case of the Cell24-Lab cell. This figure is for indicative purpose only. 

 

 

 

 

 

 
Figure S5: Cristalline silicon peak evolution. Left panel shows diffraction patterns at two 

different locations in the center of the pouch (pixels (x,y) = (18-9) and (15,15) top and bottom 

figure). Diffraction patterns are zoomed around 2 Å-1 corresponding to the Si (111) peak. 

Several different patterns are overlaid corresponding to different time during the formation 

cycle. Right panel shows the electrochemistry with the time at which the diffraction patterns 

were taken marked as colored dots. Colors of dots and patterns match. It is clear that the 

intensity of the Si peak decreases during the first charge, indicating amorphisation due to 

alloying with Li, and stays fairly constant during the subsequent discharge. In fact there is a 

small intensity increase during discharge (yellow and brown curves) located around 1.985 Å-

1. We are not sure this is a contribution for crystalline Si as it is close to noise level.  
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Figure S6: Heterogeneities of silicon lithiation from WAXS data. Left panel is a map of the 

intensity ratio of the cristalline Si peak before and after the full electrochemical sequence 

(formation and overcharge). Central regions (corresponding to the electrode stack LNO/Gr-Si) 

appears blue which means that approx. 70% of the intensity of Si peak is still present after the 

electrochemical sequence. Outside the stack, the Gr-Si electrode appears green meaning that 

Si peak intensity did not change much. Right panel shows the intensity ratio as a function of 

time in average (black) and at specific position in the pouch (colored dots matching with the 

colored rectangles on the left panel). Blue curve is the electrochemical voltage profile. Overall, 

this graph clearly shows a continuous decrease of the Si peak intensity during the first charge. 

The intensity seems to be changing during the subsequent discharge and cycle, but we are 

unsure if this is due to Si (see figure caption of Figure S5).  

 

Final/Inital
Intensity map
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Fig. S7. Voltage profiles for the LNO/Gr-Si pouch cell tested at ESRF during its 

electrochemical cycling with a cut-off voltages of 4.2V and 5.0V vs. Li/Li+ for the 1st and 2nd  

cycles, respectively (upper part); corresponding gas evolution curves obtained by OEMS 

method (lower part). 
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Fig. S8. Voltage profiles for a LNO/Gr-Si pouch cell tested outside the beamline during its 

electrochemical cycling with a cut-off voltages of 4.2V and 5.0V vs Li/Li+ for the 1st and 2nd  

cycles, respectively (a) and (c); corresponding gas evolution curves obtained by OEMS 

method (b) enlargement in CO2 and O2 evolution onset points (d) . 
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Figure S9: Left panel shows SAXS patterns collected at the center of the pouch cell at different 

time during the electrochemical sequence (shown by red dots on right panel). Clear changes 

are observed during the cycling mostly due to intensity increase and possibly small change of 

slope. Red square corresponds to the region which was integrated and shown Figure 2 and 

3. Right panel is the electrochemical profile (blue) together with the integrated SAXS intensity. 

Error bars correspond to the standard deviation across the pouch cell surface.  

 

SAXS discussion.  

 

Exemplary 1D SAXS profiles represented in log-log scale and measured during the 

electrochemical sequence at several times (averaged from pixels in the center of the cell) are 

presented in Figure S9.  A rather unshaped decaying intensity is measured, which indicate the 

lack of long-range order and/or the absence of well-defined nanosized domains or structures 

with sufficient contrast with respect to their neighboring environment. A quantitative analysis of 

these profiles and their changes depending on the location in the cell is difficult because: 

 1) The glassy carbon window produces an elevated high-Q background at Q>3.10-2 Å-1, 

potentially masking intensity variations arising from modifications in the range of few tens of 

nms, where expansion and shrinking of the nanosilicon is expected to manifest. 

2) The intensity is the sum of small angle scattering arising from all textured materials in the 

anode and cathode, and from the separator.  

1) Absolute integrated SAXS intensity depend on the position in the cell. It is highest at the 

reference electrode, and lowest for positions only containing Gr-Si electrode. This difference is 

simply due to the increase of material in the beam path (reference electrode + LNO + Gr-Si 

compared to Gr-Si only). 

However, a qualitative analysis of the differential profiles in time and integration of the signal 

over specific Q-range can be used to detect specific features evolutions. The Q-range [4.10-3 – 3.10-

2] Å-1 probed in this experiment typically relates to structural changes at a scale of 20-150 nms. 

In a simplified two-phase system where particles (as silicon) are embedded in a medium (the 

carbon-binder-pores phase wetted with electrolyte, for instance), the SAXS intensity I(Q) would 

be proportional to the volume fraction of these particles and the square of the contrast term ()2 

that directly depends on the difference in electronic density between the particles and the 
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medium. I(Q) is also modulated by form and structure factors describing the sizes, shapes and 

organization of the various particles. Typically, an assembly of nanoscale particles may produce 

a shaped signal presenting local minima, maxima or oscillatory features characteristics of mean 

dimensions of, or separation distances between, scattering objects. In case of graphite-composite 

anodes, the pristine SAXS profile is often shapeless due to a lack of contrast, but I(Q) changes 

develop with lithiation, which can be analysed to obtain indications of nanodomains swelling. 

Note that graphite lithiation is expected to lead to a decreased I(Q) signal due to decreasing 

electronic density constrast between LixC6 and the medium, when x varies from 0 to 1. The signal 

is usually following a Porod’s law, e.g. the intensity varies as Q-4 due to the existence of neat 

interfaces between micrometric graphite particles and the pores. In contrast, the silicon intensity 

may increase while forming LixSi alloys or exhibit a non-monotonous behavior depending on the 

nature of its surroundings, because of complex contrast terms evolution due to core-shell 

mechanism, SiO2 lithiation, SEI evolution, etc.). Also, the 300% volume changes expected on 

lithiation may be revealed by I(Q) shaped by evolving form and structure factors, e.g. data might 

be described with metrics related to typical core-shell sizes, for instance. Nevertheless, the 

number of parameters to take into account for describing a composite silicon-graphite anode, 

intrinsically formed of many evolving phases and a hierarchy of scales, is impeding a full 

analytical treatment of the SAXS data. 

In case of large micron-sized objects, the decaying SAXS intensity arises from interfaces and 

may remain insensitive to particles evolutions in size, shape, and structure. In the pouch cell 

studied here, the only material organized at the nanoscale is silicon (typically composed of 30 

nms sized domains), which is expected to expand and shrink during charge/discharge. In the 

present conditions, however silicon lithiation is partial (as seen from the limited crystalline Si 

peak variations) and, moreover, the amount of material in the composite anode is low. Regarding 

the cathode particles, they are much larger and contribute in the Q-range by a sloped signal due 

to interfaces detectable at very small Q-values. This intensity can be analysed in principle using 

the Porod’s representation or a decaying Q- law, where the exponent might relate to the 

dimensionality of the particles and fractality of the surface. 

As seen on Figure S9 right panel, the SAXS integrated intensity features two clear changes located 

at the end of both charges, especially during the overcharge. Interestingly, this increase is not 

visible for positions containing only Gr-Si, despite the apparent but moderate lithiation of Gr and 

Si. Moreover, these features do not seem to be correlated with the presence of gas because very 

little intensity change is observed during the SEI formation. Hence, we suggest that the increase 

in SAXS intensity is mostly correlated to microstructural change at the cathode side at high 

voltage.  
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Fig. S10.  Voltage profile for the LNO/FP (delithiated LiFePO4) pouch cell tested outside the 

beamline during its electrochemical cycling with a cut-off voltage of 5.0V vs. Li/Li+ (a); 

corresponding gas evolution curves obtained by OEMS method (b) and enlargement in CO2 

and O2 gas profiles (c). Total amounts of gases evolved during overcharge cycle (d) for the 

cells containing LNO/delithiated LFP (cell 54) and LNO/GrSi electrodes (cell 24), 

respectively. Both experiments were conducted in a laboratory and not at the beamline. 
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Figure S11: left and middle panels show diffraction patterns at two different locations in the 

center of the pouch (pixels (x,y) = (18-9) and (15,15) top and bottom figure). Left and mid 

panel show different Q ranges, namely around the (003) and (018) and (113) reflections, 

respectively. Several different patterns are overlaid corresponding to different time in the 

voltage hold. Right panel shows the electrochemistry with the time at which the diffraction 

patterns were taken marked as colored dots. Colors of dots and patterns match. It is clear that 

the (018) shift towards high angle during the hold while the (113) shift less. This proves that 

the c lattice parameter of LNO decreases during hold. The (003) also shifts and does not 

feature any strong asymmetry not supporting the presence of O1 phase or stacking faults.  

 

 

 

 

 

 
Fig. S12.  Gas chromatograms obtained for the reference electrolyte EC/1.3 M LiPF6 with 10 

wt.% FEC (REF), for the cell after cycling at ESRF (cell 23) and in the laboratory (cell 24). 
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The electrolytes were diluted in acetonitrile. VC impurity was identified in the reference 

electrolyte and its proportion increased after cycling. 

 

 
 

 

 

 

 

 

 
Figure S13: Cell parameter variation of LNO depending on Li concentration (x in LixNiO2). 

Blue dots, black dots and orange crosses are c parameter from literature1, a parameter from 

litterature1, and a parameter determined from (101) and (003) peak position during the 

charge of the formation cycle performed in this experiment. Orange and black lines are third 

order polynomial fits, the orange line is the one used in this work to estimate Li concentration 

from a parameter.  

 

Sample Ratio EC/FEC Ratio EC/VC

Reference 10,7 133,1

Cell 23 ESRF 17,5 77,3

Cell 24 Lab 20,7 79,7

Table S1. Results of GC-MS peaks integration



34 
 

 
Figure S14: Average x in LixNiO2 obtained from electrochemistry (just basically converting the 

capacity) and XRD. Good agreement is observed for the 1st cycle. Deviation is observed during 

the overcharge since the x estimated from electrochemistry is much lower than the one 

obtained from XRD. This is likely due to two effects: (1) the most important one is that a 

substantial part of the current is devoted to electrolyte oxidation and not Li removal from 

LiNiO2, 2) the a parameter vs. Li concentration calibration is not accurate at high voltage 

because of the lack of low Li concentration reference of LixNiO2.  

 

 

 

 
Figure S15: Reaction heterogeneity in LNO during formation cycle. Top panel shows Li 
concentration deviation maps for the formation cycle charge (top) and discharge (bottom). Li 
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concentration deviation maps are calculated by subtracting the spatial average across the entire 
electrode from the local Li concentration resulting in blue and red regions corresponding to zones 
having more and less Li compared to the average electrode. The bottom panel shows the standard 
deviation of the Li concentration histogram for each maps – which is a quantitative description of 
the amplitude of the spatial heterogeneity – together with the dQ/dVdV of the formation cycle 
calculated for the LNO. Purple colors are used for the charges and orange for the discharges.  

 

 

 
Figure S16: Reaction heterogeneity in graphite during formation cycle charge. Top panel shows 
Li concentration deviation maps for the charge of the formation cycle. Li concentration deviation 
maps are calculated as follow : for each pixel, the local Li concentration (of the pixel) is subtracted 
the average Li concentration in the graphite electrode facing the LNO electrode resulting in blue 
and red regions corresponding to zones having more and less Li compared to the average 
electrode. The bottom panel shows the standard deviation of the Li concentration histogram for 
each maps – which is quantitative description of the amplitude of the spatial heterogeneity – 
together with the dQ/dVdV of the formation cycle calculated for the graphite-silicon electrodes. 
Purple colors are used for the charges and orange for the discharges. 

 

 


