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The solid electrolyte interface (SEI) in lithium batteries, defined as a nanoscale passivation layer formed by the electrolyte’s 
decomposition at anode-electrolyte interfaces, is crucial for battery performance[1-4]. The SEI composition can evolve during a resting 
stage[5] or a long cycling process[6], which is governed by different electrolyte compositions and has a great impact on battery 
performance. Mengdi et al. have reviewed this issue recently[7]. However, its characterization has always been challenging[8-10]. 
Transmission electron microscopy (TEM) and atomic force microscopy are common methods to revolve the thickness and hardness 
of SEI layers. Meanwhile, X-ray photoelectron spectroscopy (XPS) is widely used to identify the chemical species with a nanoscale 
resolution, especially providing the ability to identify Li element[11-13].

However, because of the intrinsic fragility of SEI layers, both its morphology and composition tend to be changed at room 
temperature (RT). This can be induced by solvent evaporation or electrochemical reactions[13,14]. This problem can be largely avoided 
with the help of cryogenic techniques, such as cryo-TEM[15-17]. However, as amorphous phases do not have a clear lattice fringe, the 
SEI components and valence states can hardly be determined under TEM, and just lie within the capabilities of XPS. Over the past 
thirty years, the application of XPS tests has been dramatically increased in SEI detection (Figure 1A), with in-situ/operando methods 
occasionally introduced. Also, the influence of ionic sputtering and X-ray beams has been considered with the gas cluster ion beam 
developed. However, coupling XPS with the cryogenic technique is much less reported (there are only dozens of publications 
(Figure 1B), even after taking all research areas into consideration), falling behind cryo-TEM. So, an accurate detection of SEI 
components and the influence of temperature on them are far from clear.

To address the above issues, Shuchi et al.[18], inspired by cryo-electron microscopy, developed a cryo-XPS method, publishing a report 
in Nature. The initial chemical species in SEI were carefully preserved by performing plunge freezing of the samples in liquid N2 
(Figure 1C), and then XPS tests were conducted at -110 °C. The low temperature effectively inhibits chemical reactions and volatile 
species, maintaining the real chemical state of the pristine SEI. The SEI evolution under the reaction effect, ultrahigh vacuum effect 
and beam effect were also systematically investigated. Moreover, a more precise relationship between SEI composition and battery 
performance could be built accordingly.

First of all, the influence of temperature was investigated by observing the evolution of SEI components in both cryo-XPS test and 
their RT-XPS (cryo-heated to RT) counterparts. Under cryo-XPS conditions, all F 1s, O 1s and N 1s spectra changed slightly over time. 
In contrast, once the temperature was raised to RT, significant changes happened and continued within 60 min. This phenomenon 
indicates that the composition of SEI can be stabilized at cryogenic temperature, but can evolve into a different one in RT. So, that the 
data obtained from cryo-XPS is more accurate than that from common RT-XPS. Later, the necessity of immediate plunge freezing and 
the reversibility of SEI evolution at RT were studied by re-cooling the SEI to cryo-temperature. The F 1s spectra reflect that the 
evolution of SEI chemical component is irreversible; therefore, it is necessary to perform an immediate plunge freezing.

Then, the reaction effect was investigated by comparing three XPS testing temperatures, including cryo-temperature, regular RT, and 
in-situ heating of the sample from cryo-temperature to RT. A localized high-concentration electrolyte was selected as a classical 
system. F 1s and O 1s signals were considered coming from LiF and Li2O, which are beneficial components for cycling performance. 
The peak intensity of LiF under both in-situ heating to RT and regular RT is significantly higher than that at cryo-temperature. It 
shows that the content of LiF is overestimated when utilizing an RT-XPS method. As the LiF amount is usually correlated with 
coulombic efficiency, RT-XPS would mislead their relationship. The increase of LiF content at RT mainly comes from a series of 
spontaneous decomposition reactions of certain SEI components and chemical corrosion of Li anode. In contrast, the peak of Li2O 
was clearly observed in cryo-XPS but almost undetectable in RT-XPS. This is mainly because the SEI reaction at RT caused Li2O to 
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transform into other substances. As a consequence, the LiF and Li2O measured by RT-XPS deviated from the real contents in SEI, and 
therefore do not reflect the relationship between the SEI content and coulombic efficiency.

Figure 1. Development and application tendency of XPS techniques by statistics on the related publications. (A) Publications using the keywords “XPS” or “in situ XPS” together 

with “SEI”; (B) Publications using the keywords “cryo-XPS”; (C) Cryo-XPS setup: (i) sample preparation process for Cryo-XPS and (ii) cryogenic sample holder. Reproduced with 

permission from reference[18]. Copyright © 2025 Springer Nature. XPS: X-ray photoelectron spectroscopy; SEI: solid electrolyte interface.

The ultrahigh vacuum (UHV) condition of the XPS chamber (≤ 10-6 Pa) can make SEI species volatilize and decompose, so that the SEI 
thickness will be reduced at RT. This UHV effect was observed by the potential Li0 peak at different XPS test temperatures. Compared 
to the Li 1s spectrum in cryo-XPS, there was a clear Li0 peak in RT-XPS. This is mainly due to the departure of volatile substances from 
the SEI, which makes the thickness of the SEI thinner at RT. Estimated from the photoelectron escape depth of the Li0 metal, the 
thickness of the SEI was ≤ 4.2 nm ± 20% at RT, while it was > 4.2 nm ± 20% at cryo-temperature. Additionally, the Li 1s spectrum also 
shows the number of chemical species inside SEI layers under different conditions, as most components in SEI form bonds with Li. So, 
a lower full-width half maximum (FWHM) in the spectrum corresponds to a more uniform composition in SEI, and vice versa. At 
cryo-temperature, the FWHM of the Li 1s spectrum of the SEI is higher than that at RT. It indicates the initial SEI is heterogeneous and 
has more components. In contrast, the SEI at RT is mainly composed of non-volatile substances and stable reaction products. This 
phenomenon was also reflected in the atomic concentration change with sputtering, when comparing a cryo-XPS test with the 
cryo-heated to RT-XPS test.

Considering that both electron and X-rays can cause beam damage to the samples, the authors also verified this beam effect in 
cryo-XPS. In cryo-TEM[19], the extent of beam damage was evaluated by comparing images before and after a long acquisition process. 
Similarly, five consecutive spectra at cryo-temperature and RT were collected in sequence. The intensity of F 1s peaks, which are 
attributed to LiF, only showed a slight increase at both cryo-temperature and RT. This proves that the beam damage effect has a 
minor impact on the SEI components. Furthermore, this LiF peak was compared between cryo-XPS and the cryo-heated to RT-XPS 
spectra from the same sample, where a more significant increase was observed once the temperature was raised than that observed 
among the five consecutive tests at RT. By this means, the beam effect can be decoupled from the reaction and UHV effects. Here, it 
shows that the evolution of SEI components at RT is mainly caused by the reaction and UHV effects, whereas the beam effect has only 
a slight influence. The scenario in TEM usually has a much more obvious beam damage. The authors attributed this difference to a 
low-energy X-ray beam (about 1.5 keV) in XPS and a high-energy electron beam (80-300 keV) in TEM. Moreover, Roberto et al.[20] 
suppressed this beam damage by reducing the X-ray dose in lab-based XPS, or by using a snapshot acquisition mode in 
synchrotron-based XPS.
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Finally, the correlation between SEI composition and coulombic efficiency was provided, based on the unevolved SEI species from 
cryo-XPS. Different electrolyte chemistries were considered, which corresponded to the salt-, additive- and solvent-derived SEI. The 
(F + P)/C ratio was used for LiPF6 salt-based carbonate electrolytes, and the (F + S + N)/C ratio for LiFSI salt-based ether electrolytes. A 
Spearman coefficient (ρ) was used to measure the correlation between the ranked SEI composition and coulombic efficiency. It was 
found that the correlation was moderate (ρ = 0.6) when using the RT-XPS test, but highly positive (ρ = 0.9) when using the cryo-XPS 
test. Also, the correlation between F/C and CE was positive in cryo-XPS, confirming the beneficial impact of fluorinated species. 
However, it shows a moderate negative value in RT-XPS, which does not provide a rational result under this test condition. Moreover, 
the ratios and error ranges calculated from cryo-XPS tests are larger. This comes from the heterogeneity of the SEI components 
under cryo-XPS after effective preservation.

Overall, the work by Shuchi et al.[18] provides a cryo-XPS technique with an immediate plunge freezing method, which overcomes the 
limitations of RT-XPS in the study of SEI components. Both the problems of irreversible chemical composition changes and 
component volatilization under UHV conditions are avoided by this means. With the preserved SEI species obtained, the SEI content 
and columbic efficiency were found to have a significant positive correlation. This cryo-XPS test offers a new approach to get a more 
precise chemical composition of SEI layers and reliable correlations with battery performance, which may challenge most existing 
results. Also, this research will benefit more studies on sensitive SEI layers, as well as other issues in batteries (like interfacial 
phases etc.).

More broadly, the XPS technique faces bottleneck due to damages caused by not only the temperature, but also ionic sputtering and 
X-ray beams. Also, sample preparation is a critical issue when applying XPS to lithium batteries. It is still challenging to track the 
chemical state during a battery cycling process. Therefore, more integrated improvements are needed in the future, facilitating the 
study of broad areas (such as biology and pharmacy).
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