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In lithium-ion battery electrode materials, internal mechanical strain 

is coupled to electrochemical processes. As a result, lithium-ion 

electrodes can be used for mechano-electrochemical energy 

harvesting. A promising way to investigate this mechano-

electrochemical coupling is through neutron scattering, which can 

measure the lighter elements that compose battery anodes. In this 

paper, we conduct in-situ neutron diffraction studies on commercial 

lithium-ion pouch cells using the VULCAN diffractometer at the 

Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. 

By applying stress on these pouch cells, and examining the phase-

specific lattice strains, Bragg peak intensities, and peak broadening, 

we can gain insight into the mechano-electrochemical correlation in 

lithium-ion electrodes. We measure a negative electrochemical 

lattice strain of the graphite electrode, indicating that stress causes 

lithium ions to leave the graphite structure.  

 

 

Introduction 

 

Lithium-ion batteries are omnipresent in most modern electronic applications, ranging 
from portable electronics to backup power supplies to electric vehicles and more (1-2). 
Yet there are problems inherent in the design of these batteries. Specifically, commonly 
used lithium-ion electrode materials experience significant volumetric strain during 
charge and discharge of the battery, which can be harmful for battery operation if the 
battery is in a constrained space, leading to shorting and battery failure (1-2). 
Understanding the mechanism behind this volumetric strain is vital to designing more 
efficient, safer lithium-ion batteries. 
 

Numerous experimental characterization techniques exist for investigating the 
coupling between electrochemical change and volumetric strain in lithium-ion batteries. 
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These characterization techniques include X-ray diffraction, dilatometry, electrochemical 
digital image correlation (DIC), and atomic force microscopy (AFM), among others (3-
5). However, most of these experiments focus on half-cells that do not accurately 
represent larger-scale cell behavior. Additionally, studies using X-rays so far have been 
focused on cathode studies due to the limited signal acquisition from lighter elements that 
compose anodes. In order to study lithium-ion pouch cells in-situ, neutron scattering 
measurements are particularly effective as the nonlinear neutron cross-section enables the 
study of lighter elements in anodes and the long penetration distances allow for bulk 
measurements and limited sample preparation (6-10). Consequently, there have been 
neutron scattering studies that have investigated pouch cell charge-discharge behavior, 
internal strain, cell degradation mechanisms, among others (6-7). However, most of these 
experiments allow the pouch cell to freely expand due to internal chemical changes in the 
electrodes or thermal expansion, which does not represent accurately a battery in a 
constrained space where stresses are induced on the battery. Using in-situ neutron 
scattering with mechanical loading to investigate the influence of external stress on a 
pouch cell has yet to be done.  

 

One application of the coupling between electrochemical energy and mechanical 
strain in battery materials is using an external stress to drive energy harvesting (11-12). 
Mechano-electrochemical harvesting, also called piezoelectrochemical (PEC) energy 
harvesting, enables high theoretical energy-dense harvesters that can harvest lower 
frequency vibrations than most piezoelectric harvesters (11-16). Commercially available 
lithium-ion pouch cells are convenient and research-proven PEC material systems for 
energy harvesting (11-12). Using neutron diffraction to study this energy harvesting 
phenomenon in pouch cells could lead to a better understanding of the mechano-
electrochemical coupling in lithium-ion batteries by measuring the atomic level response 
during the PEC process. In this paper, we measured neutron diffraction patterns over a 
large range of d-spacings on commercial pouch cells placed under stress using the 
VULCAN instrument at the Spallation Neutron Source, which is a state-of-the-art time-
of-flight neutron diffractometer at Oak Ridge National Laboratory (9-10). 
 

 

Experimental 
 

 Commercial lithium-ion 500-mAh pouch cells (GMB Power® 652535) were used in 
this study. The cells had a graphite anode and lithium cobalt oxide (LCO) cathode, with 
copper and aluminum foil current collectors and a porous polymer separator. The cells 
were initially charged-cycled twice, fully discharged, and then charged to a selected state-
of-charge (SOC). It was previously found that the SOC of a cell affects the coupling 
factor, which is proportional to differential expansion of the pouch cell and measures how 
much voltage a PEC system can produce with a given stress load (11-12). Four SOCs 
were chosen, at 12.5%, 20%, 28%, and 60%. Both 20% and 28% should have high 
coupling factors, 12.5% was consistent with the chosen SOC of other publications using 
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this system, and 60% has a lower coupling factor for comparison (11-12). After the cells 
were fully discharged, the cells were charged for a set time at 50 mA (C/10) to reach the 
desired SOC, and then were allowed to rest overnight. Using the experimental setup 
established in previous work, pouch cells at equal SOCs were connected in parallel in cell 
pairs and rested overnight to reach equilibrium (11-12). Then a 1 Ω resistor was 
connected in between the positive terminals of the cells. While the working cell is cycled 
with applied mechanical load, the reference cell is left untouched, so the voltage across 
the resistor corresponds to the voltage harvested from the PEC effect.  

 

The diffraction measurement setup on VULCAN is shown in Figure 1a. The active 
pouch cell was placed at a 45-degree angle to the incident beam on the VULCAN MTS® 
load frame, while the other reference cell was positioned carefully to ensure that all the 
wire connections do not touch any of the metal surfaces. The neutron gauge volume was 
5 (width) x 12 (height) x 5 (thickness) mm3, determined by the incident beam slits and 
the receiving collimators. The neutron beam was positioned in the middle of the cell (full 
cell volume was 25x35x6 mm3), with a chopper frequency of 30 Hz. The detector banks 
at -90° measured the Bragg peaks of the grains that were aligned along the loading 
direction. Aluminum and fused silica plates were used as spacers for the pouch cell 
compression on the load frame, as shown in Figure 1b. Those spacers are relatively 
“transparent” for neutron transmission and thus attenuate the neutron diffraction less from 
the pouch cell (17). The fused silica does not contribute any Bragg peaks, and the 
aluminum blocks are excluded from the defined gauge volume.  

 

 
Figure 1. Experimental setup at VULCAN. (a) Photograph of the beamline setup at 
VULCAN, with the pouch cell held in the MTS load frame. (b) Close-up photograph of 
the pouch cell in-between spacers, limiting the neutron beam interaction with the load 
frame. (c) Illustration of the measurement setup: the voltage response is measured across 
the resistor between the two pouch cells. (Illustration not drawn to scale).  
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To measure diffraction patterns of the pouch cell under different loads, the working 
cell was mechanically cycled between 0.3 and 24.3 MPa (stress calculated based on the 
normal contact surface of the pouch cells) with a strain rate of 12 MPa min-1. A high 
stress of 24.3 MPa was chosen because it enables the study of the PEC effect without 
significant polymer separator deformation, which can cause capacity loss and potential 
shorting of the cell (18-19). The voltage response from the applied load is measured 
across the resistor between the two cells with a Biologic® SP-300 potentiostat.  

 

The time-of-flight neutron diffraction patterns were chopped with 30 minute time 
bins at each loaded and unloaded step. The characteristic peaks of the cathode, anode and 
copper current collector were analyzed via the single peak fit approach using VDRIVE 
software (20).  

 

 

Results and Discussion 

 

Figure 2 depicts the mechanical load as a function of time that was placed on the 
pouch cells, and the corresponding voltage generated, showing typical mechano-
electrochemical behavior in accordance with PEC materials (11-16). Baseline diffraction 
measurements are taken during the initial hour at zero stress at each SOC, followed by a 
cell-stabilizing cycle of two hours, and then a longer cycle of four hours. The longer four-
hour cycle consists of two hours of high stress and two hours of low stress.  

 

 

Figure 2. Stress and voltage profiles representing PEC effect. (Top) Applied stress profile 
on the working lithium-ion pouch cell. (Bottom) Corresponding voltage profile generated 
from cells at 60% SOC.  
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Neutron diffraction patterns from the baseline measurement obtained for all four 
SOC sets are shown in Figure 3a. A close-up plot of specific d-spacings identifies 
important peaks in Figure 3b. As shown in previous studies, neutron diffraction can 
distinguish between different SOC states in a pouch cell, as peaks of electrode materials 
shift due to lithium intercalation (21-22). As the cell is being charged, the graphite phase 
gradually transforms to LiC12 and LiC6, which are well-known Li graphite intercalation 
phases. For intermediate SOCs, some combination of these graphite phases is expected to 
be present; not all of the electrode will be uniformly charged (21-22). From these 
diffraction patterns, we see that 60% SOC is the only dataset with a significant LiC6 
(002) peak, and has minimal graphite phase left. Since the stage-1 transformation occurs 
around 50% SOC, it makes sense that the lower SOCs do not have significant amount of 
the LiC6 phase (23). The LCO cathode phase also experiences peak shift due to de-
intercalation of lithium ions; unlike graphite, LCO expands when lithium leaves the 
structure (11). Additionally, Figure 3 shows that the copper phase does not experience any 
peak shifting due to intercalation, as expected.  

 

   
Figure 3. Neutron diffraction patterns obtained for cells at each SOC at zero applied 
stress. (a) Diffraction patterns for the four SOCs for the full range of d-spacings. (b) 
Zoomed-in plot of diffraction patterns, with the peaks identified. The highlights indicate 
significant peaks for the graphite electrode phases. 

 

Using the single peak fitting function available for the VULCAN beamline, well-
isolated peaks from the copper, graphite and LCO phases were fitted (20). For these 
results, we focus on the copper (111), LCO (104), and graphite/LiC  (004) peaks. The 
peak intensities, FWHM, and d-spacings of these peaks were extracted.  

 

The effect of applied stress on the peak intensity can be affected by phase 
transformation, changes in crystallographic grain texture, among others. The peak 
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intensity of the copper (111) peak over the course of the experiment is plotted in Figure 
4a. Under these moderate stress levels, it is not expected for the copper foil to experience 
phase changes or significant texture changes due to plastic deformation (24). However, as 
seen in Figure 4a, the copper (111) peak intensity increases after the first compression, 
and then shows fluctuations that follow the trend of mechanical loading and unloading. 
This is possibly due to polymer deformation or the movement of the electrolyte within 
the cell under compression. Moving some of the electrolyte outside of the beam path 
would result in higher peak intensities due to the organic solvent’s significant neutron 
incoherent scattering. To exclude these influences, we normalize the graphite and LCO 
peak intensities for each SOC by the copper (111) peak intensities (Figure 4b and 4c). 
After this normalization, all peak intensities experience much less fluctuation (within 
error) due to stress, except as noted in the first compression. That initial increase of the 
normalized intensities may be due to the material moving and compacting. Since the 
normalized intensities flatten out after the first compression, we can likely exclude the 
possibility of stress-induced textural and crystal structure changes of the pouch cell 
materials from this study. 

 

 

 

Figure 4. Peak Intensities. (a) Copper (111) peak intensities, with fluctuations correlating 
with applied stress likely due to electrolyte movement. (b) Lithiated graphite (004) peak 
intensities, normalized by copper. (c) LCO (104) peak intensities, normalized by copper. 

 

The FWHM of each peak is plotted in Figure 5. From prior work, we expect that the 
first stress cycle contains initial instabilities, so we normalize FWHM values by the last 
value of the first cycle (at =  hours) to better compare between SOCs (11). From 
Figure 5, we see that only the lithiated graphite (004) peak shows significant, nearly 
reversible, changes with stress. As a reference, the FWHM copper (111) peak does not 
change, as expected. The LCO (104) peak may show some broadening under loading, but 
it is not pronounced. The increase in FWHM for the graphite anode due to applied stress 
is roughly the same across each SOC. The 28% SOC FWHM is a bit higher, possible due 
to the fact that the C6  and LiC   peaks are overlapping to make a single, 
wide peak (see Figure 3b). While structure transitions and macroscale strain change 
Bragg peak intensity and position, respectively, peak broadening is attributed to the 
structure changes in the microscale, such as fine crystallite size, microstrains, defects, and 
so forth (25). Though further evidence is needed, we hypothesize two possible 
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mechanisms of the reversible broadening of the graphite/LiC12 (004) peak: (1) strain 
distribution across the graphite grains with possible inhomogeneous lithiation under the 
stress, and (2) possible inhomogeneous Li ion (or Li defect) displacement along the [004] 
direction in the graphite, which causes microstrains in the Li sublattice.  

 

 

 
Figure 5. FWHM of peaks. (a) FWHM of the copper (111) peak. (b) FWHM of the lithiated 
graphite (004) peak, showing a dependence on applied stress. (c) FWHM of the LCO (104) 
peak. 

 

The strain for each SOC was calculated from each peaks’ d-spacing values , using 
the equation: 

 −
 [1] 

 

Where  is the d-spacing for the peak under no load. These strain values are plotted in 
Figure 6. All three peaks shift due to stress, though the LCO peak shift is much smaller 
due to its higher modulus (26). The lattice strain of the copper (111) peak is higher than 
the expected value if it is calculated using the diffraction elastic modulus of a bulk 
polycrystal. We are continuing to study and evaluate this effect. 
 

 

 

Figure 6. Lattice strains. (a) Copper (111) peak strain. (b) Lithiated graphite (004) peak 
strain. (c) LCO (104) peak strain. 
 

In order to understand the mechano-electrochemical coupling, we need to distinguish 
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between mechanical strain due to Hooke’s law and electrochemical strain. For a 
hexagonal unit cell, the diffraction elastic constant 𝐸ℎ  for the (004) plane simplifies to 

(27): 
 /𝐸 =  [2] 

 

The stiffness tensor values for graphite and LiC6 are reported in the literature ( =.  GPa for graphite, =  GPa for LiC6), and the inverse of the compliance 
tensor component /  is approximately equal to  (26). Experimental 
measurements of the polycrystalline graphite 𝐸  elastic constant indicate that 𝐸  is 
approximately the single-crystal elastic constant , meaning we can use  as an 
estimate for the 𝐸  constant (28). To estimate this constant for intermediate SOC 
lithiation, we linearly interpolate values. Using the nominal applied stress (24 MPa) and 
this diffraction elastic constant for each lithiated graphite (004) peak, we can estimate the 
mechanical strain for each SOC, and subtract it from the total strain plotted in Figure 6b. 
The remaining excess strain for graphite is plotted in Figure 7. Here, a negative excess 
strain value corresponds to when lithium ions move out of the graphite structure to reduce 
the electrochemical strain in the material, as expected when the graphite is under stress.  

 

 
Figure 7. Excess strain of the lithiated graphite (004) peak.  

 

 Using the differential expansion 𝜖𝑄 and differential charge 𝑄𝑉 of the pouch cell as 

defined in previous work, and the change in voltage Δ𝑉 we get from applying 24 MPa 
(see Figure 2), we can estimate the expected maximum (of the chosen SOCs) 
electrochemical strain for a pouch cell (11-12):  

 𝛥𝜖𝐸𝐶, = 𝜖𝑄 ( 𝑄𝑉) Δ𝑉 ≈ ∗ −  [3] 
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Note that because 𝜖𝑄 and 𝑄𝑉 are defined only for the entire pouch cell, 𝛥𝜖𝐸𝐶,  is not 

the graphite electrochemical crystallographic strain, but the expected strain of the entire 
pouch cell (including polymer components, current collectors, and LCO cathode). 
Regardless, 𝛥𝜖𝐸𝐶,  is the same order of magnitude as the excess strain during 
compression (hours 1-2 and 3-5) in Figure 7, which is a promising indicator that this 
neutron scattering experimental setup can measure mechano-electrochemical coupling 
processes in lithium-ion batteries. 
 

 

Conclusions 

 

 Neutron diffraction was used to study phase-specific structure changes under applied 
stress in a commercial pouch cell, demonstrating easy in-situ study of mechano-
electrochemical coupling in electrode materials. Mechano-electrochemical coupling in 
lithium-ion electrode materials changes microscale structure, which contributes to the 
Bragg peak broadening. The negative electrochemical lattice strain of graphite (004) peak 
is measured, showing lithium ions moving out of the graphite structure under 
compression. Since neutron diffraction is capable of measuring the change in lattice strain 
due to applied stress in these pouch cells, future work could investigate the effect of 
stress on the charge and discharge curve of a pouch cell, which might further elucidate 
the mechanism behind mechano-electrochemical coupling. Thus, continuing this method 
of study opens up many possible avenues for research into the effect of stress on lithium-
ion electrode materials, and further research using in-situ neutron diffraction tools is 
planned following these encouraging findings. 
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