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            Abstract
Electric vehicles demand high charge and discharge rates creating potentially dangerous temperature rises. Lithium-ion cells are sealed during their manufacture, making internal temperatures challenging to probe1. Tracking current collector expansion using X-ray diffraction (XRD) permits non-destructive internal temperature measurements2; however, cylindrical cells are known to experience complex internal strain3,4. Here, we characterize the state of charge, mechanical strain and temperature within lithium-ion 18650 cells operated at high rates (above 3C) by means of two advanced synchrotron XRD methods: first, as entire cross-sectional temperature maps during open-circuit cooling and second, single-point temperatures during chargeâ€“discharge cycling. We observed that a 20-minute discharge on an energy-optimized cell (3.5â€‰Ah) resulted in internal temperatures above 70â€‰Â°C, whereas a faster 12-minute discharge on a power-optimized cell (1.5â€‰Ah) resulted in substantially lower temperatures (below 50â€‰Â°C). However, when comparing the two cells under the same electrical current, the peak temperatures were similar, for example, a 6â€‰A discharge resulted in 40â€‰Â°C peak temperatures for both cell types. We observe that the operando temperature rise is due to heat accumulation, strongly influenced by the charging protocol, for example, constant current and/or constant voltage; mechanisms that worsen with cycling because degradation increases the cell resistance. Design mitigations for temperature-related battery issues should now be explored using this new methodology to provide opportunities for improved thermal management during high-rate electric vehicle applications.
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                    Fig. 1: Spatiotemporal temperature mapping within 18650s without electrochemical operation.[image: ]


Fig. 2: In situ internal temperature maps by means of XRDâ€“CT.[image: ]


Fig. 3: In situ internal temperature maxima by means of XRDâ€“CT.[image: ]


Fig. 4: Operando internal temperatures by means of MCCâ€“XRD.[image: ]


Fig. 5: Internal temperatures after cycling.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Experimental set-up and electrochemical cycling data collected using the operando cell holder.
a, A photograph of the cell holder with electrical connections as mounted on the diffractometer at the ESRF ID15A and an example of the X-ray diffraction rings collected from the cells. b, Example diagram of the sample-detector geometry used for all experiments: the x-ray beam is directed along x and normal to the detector plane; sample translation perpendicular to the beam goes along y; Ï‰ is the angle about the rotation axis. c, A schematic image of the cell holder with electrical terminals (red/black) and 18650 cell. d, Electrochemical data obtained using the cell holder during characterisation at various C-rates.


Extended Data Fig. 2 X-ray diffraction data collected on MJ1 cell using the operando cell holder for SoC calculations.
Diffraction patterns for the 8 zones in which the battery volume was divided at initial discharged state, final charged state. For each current applied during discharge (3.5A, 5.25A, 7.0A, 10.0A) the patterns are shown at Li x= 0.5. It is possible to distinguish the four graphite stages and their distribution depending on the discharge current applied.


Extended Data Fig. 3 Strain components.
a, Ewaldâ€™s sphere construction and its relation to the scattering vector. b, Strain ellipsoid. c, Intersection of the Ewaldâ€™s sphere and the strain ellipsoid before (black) and after (blue) rotation of the sample around the z axis.


Extended Data Fig. 4 Resolving mechanical strain using XRD-CT.
a, Semi-transparent volume render of the 18650 cell indicating the spatial location of the cross-section. b,c, A sub-sectioned volume render of the cell indicating (b) the location and (c) the magnitude of the inflection point feature. d,e,f,g, A horizontal greyscale ortho-slice cross-section taken near the cell base as indicated in (a), with reference to three magnified regions (e) before, (f) during and (g) after the inflection. h, Another greyscale ortho-slice taken but in the orthogonal (vertical) plane. The vertical strain component calculated on the two 18650 cells (NMC and LFP) from the Cu d-spacing difference before and at the end of repeated charges at 1C rate after 1h relaxation. Multiple 1C charges were compared to understand the influence of successive cycles. The cell volume was again divided in 8 circular zones to understand the strain variation distribution inside the battery. i, j, show strain on Cu current collector d-spacing at the end of 1C charges as a function of 8 circular zones inside the i, NMC and j, LFP cells. Notice the strain caused by volume change during graphite-silicon composite anode lithiation is some orders higher than LFP cell graphite lithiation.


Extended Data Fig. 5 Resolving SoC using XRD-CT.
a,b,c, Cross-sections of the cell as schematics of the (a) the outer and (b) the inner zones, and (c) an XRD-CT heatmap of the local SoC at 2.5â€‰V, where blue = low SoC and red = high SoC, for qualitative purposes. dâ€“k, The extent of lithiation by quantifying the x in LixC6 for the inner (light gold) and outer (dark gold) regions at the (d,g,h,j) top and (e,g,i,k) bottom of charge for C-rates of (d,e) 0.5C, (f,g) 1.0C, (h,i) 1.5C and (j,k) 2.0C.


Extended Data Fig. 6 Degree of lithiation within the MJ1 18650 anode at the bottom of 1C discharge.
Note: only a section of data is reported here displaying the lithiation states within the eight zones immediately after the 1C discharge.


Extended Data Fig. 7 SoC quantifications within the MJ1 18650 at high rates.
The electrical current (top), anode lithiation (middle) and cathode unit cell expansion (bottom) for the first charge (a) and four subsequent discharges (dâ€“e) at increasing C-rates.


Extended Data Fig. 8 Comparing internal temperatures within the two 18650 cells.
A repeat of the data presented in Fig. 2b obtained from the NMC cell, with comparison to the LFP cell. Radial zones are shown. All temperature values are reported as the temperature difference between a point in the cell and the ambient temperature.


Extended Data Fig. 9 The multi-channel collimator.
Top, schematic and working principle of the multi-channel collimator (MCC) used for operando experiments adapted from [28,29]. The expression for the length of the gauge volume, Î´x, is given for a pencil beam as a function of front slit opening (a) inner, outer slit radii (r1, r2) and scattering angle (2Î¸). Bottom, detail of the gauge volume indicated in the top panel, along with the expressions for gauge volume dimensions in the case of a primary beam of width Î´y; a, r1, r2, and 2Î¸ have the same meaning as in the panel above.


Extended Data Fig. 10 Examining the influence of the MCC acquisition.
Comparison of MJ1 diffraction patterns obtained without the MCC (black), and with the MCC (red). Inset: full range of the MJ1 diffraction patterns with and without MCC, along with the calculated intensity from the gauge volume selected with the MCC.
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Supplementary Information
Further explanations and discussions to support the main text and Extended Data figures.
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