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ABSTRACT: Conversion type reaction have revolutionized the field of Li-ion batteries and beyond in term of 
electrochemical performance and fundamental aspects. However, direct evidence of this reaction over long term cycling, 
still has to be demonstrated. Indeed, investigating the morphological conversion mechanism at both the electrode and 
nanometer scales remains very challenging. Here, the use of advanced Auger / µXPS imaging of electrodes cross-sections, 
prepared by ion-milling, is proposed. Through the study of TiSnSb based electrodes, the role of the inactive element (here 
Ti) in the long term reversibility of the conversion reaction is highlighted. Importantly, Ti, Sn and Sb are found together at 
the nanometer scale despite a total spreading over tens of micron which directly proves the electrochemical conversion of 
the TiSnSb material even after 400 cycles. Moreover, a gradual shell to core expansion/break up of TiSnSb particles is 
revealed during the continuous conversion reactions and leads to highly porous structures after 400 cycles. This 
phenomenon, more uniform at 60°C, is at the origin of the higher electrochemical performance at this temperature. Overall, 
the innovative approach proposed in this work will benefit not only to the study of conversion/alloying based batteries but 
also to all-solid-state batteries for which buried interfaces have to be reached.

KEYWORDS: Li-ion battery, conversion material, 
morphological evolution, cross-section, Auger, XPS. 

INTRODUCTION
Developing high-energy Li-ion cells for portable 

electronic devices and electric vehicles is one of the most 
challenging problems for battery researchers. Beyond the 
continuous improvement of nickel manganese cobalt 
(NMC) and nickel cobalt aluminum (NCA) lithiated 
oxides-based cathodes, developing anodes with superior 
performance is of great interest to meet the future energy 
requirement.1 Conversion and alloying anode materials 
have thus been extensively studied because of their high 
theoretical capacity (700-1500 mA h g-1) compared to 
graphite (372 mA h g-1).2 These materials suffer, however, 
from large volume expansion (typically >200%) during 
lithiation/delithiation, resulting in pulverization of active 
material, loss of electrical contact3 and continuous 
electrolyte degradation due to the solid electrolyte 
interphase (SEI) breaking and reforming upon cycling.2 In 
the case of conversion material, the most successful 
approach to tackle these issues is more likely the use of 
composite materials constituted of electrochemically 

active/inactive elements to buffer the volume change and 
thus to enhance the electrochemical performance.2,4 
However, the role of the inactive elements in the long term 
conversion reaction still remains to be elucidated. In that 
direction, innovative analytical approaches allow 
investigating the Li-storage mechanism of 
conversion/alloying anode materials at the nanoscale.5

Among these approaches, ex situ transmission electron 
spectroscopy (TEM) have been widely used to study 
conversion materials at the nanoscale. In particular, it 
allowed to confirm the reduction of metal oxides through 
the formation of metal nanograins dispersed in a Li2O 
matrix6,7,8 as initially suggested by X-ray diffraction.9 
Similarly, high-resolution TEM coupled to electron 
energy-loss spectroscopy (EELS) was used to study the 
conversion mechanism of metal fluorides.10 FeF2 was found 
to form a continuous Fe network dispersed in a LiF matrix 
while CuF2 formed segregated Cu particles, thus explaining 
the much higher reversibility of the FeF2 conversion 
process.

More recently, in situ/in operando techniques have been 
developed to provide direct observation of volume 
variations, strain changes and surface film formation 
occurring at the nanoscale during the 
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lithiation/delithiation processes of conversion and alloying 
materials. In particular, in situ TEM allows to study the 
lithiation/delithiation of individual nanostructures (i.e. 
nanowire or nanoparticles) with near-atomic resolution in 
real time.11 Some caution should, however, be taken as this 
technique focuses on the analysis of individual 
nanostructures for which the electronic and ionic 
connection is commonly realized through a single contact 
point so that their lithiation/delithiation mechanism can 
be strongly influenced. As a matter of fact, in situ TEM 
revealed that pure CoS2 particles convert through an 
anisotropic process with cracks formation while CoS2 
particles anchored on reduced graphene oxide sheets (i.e. 
well electronically connected) convert through a core-shell 
process with almost no cracks.12 Therefore, such individual 
nanostructures studies may not be representative of the 
reactivity occurring in three-dimensional electrodes. To 
overcome this issue, in operando X-ray tomographic 
microscopy (SRXTM) has been proposed to simultaneously 
visualize in three-dimension both chemical composition 
and morphology changes occurring at both individual 
particles and electrode level.13 It allowed  to reveal a core-
shell lithiation of SnO particles with some cracks initiation 
along pre-existing defects followed by a partial particle 
densification during delithiation along with irreversible 
distortion of the electrode.13

Surface characterization techniques such as Auger 
electron spectroscopy (AES) and time of flight secondary 
ion mass spectrometry (ToF-SIMS) have also been used as 
alternative approaches to study conversion/alloying 
mechanisms at the nanoscale. In that case, depth profiling 
or cross-section analysis are mandatory to probe the 
particles/electrodes volume properties. For instance, the 
high spatial resolution of AES coupled to depth profiling 
allowed to confirmed the core-shell lithiation process of Si 
particles (5 µm) with respect to their electrode 
environment.14 Similarly, ToF-SIMS and AES performed on 
Si-based electrode cross-section prepared by focused ion 
beam (FIB) revealed an homogeneous core-shell 
mechanism of Si particles along the electrode thickness as 
well as a progressive lithium trapping in Si particles upon 
cycling.15 Moreover, AES depth profiling,16 in situ AES17,18 
and cross-section AES19 have been used to characterize the 
morphology and composition of solid electrolyte 
interphases (SEI) formed at the surface of various Li-ion 
anode and cathode materials. Note that AES was also used 
to study cross-section of Li/LiPON/LiCoO2 solid state 
micro-batteries20 as well as cross-section of Ag/Au@SiO2 
core-shell nanoparticles with a high resolution (12 nm).21 
Additional techniques such as electron probe 
microanalysis (EPMA) and scanning spreading resistance 
microscopy (SSRM) have also been used to study cross-
section of Si-C/graphite electrodes after long term cycling 
(300 cycles) and showed that Si-C particles severely 
degrade with a loss of electronic conductivity while 
graphite particles barely change.22 

Among conversion materials for negative electrodes, 
TiSnSb was recently proposed23 with improved 
performance using CMC as binder24 and FEC and VC as 

electrolyte additives.25 More recently, TiSnSb showed 
unexpected superior lifetime, CE and polarization at 60°C 
compared to 25°C.26 This was explained by a specific 
reactivity of the electrolyte used (1M LiPF6 EC:PC:3DMC 
+5% FEC + 1% VC) at 60°C that forms a more 
stable/passivating SEI film with only a partial electrolyte 
additives consumption as observed by X-ray photoelectron 
spectroscopy (XPS) and gas chromatography coupled with 
electron impact mass spectrometry (GC/MS), respectively. 
Considering the TiSnSb conversion process, Li3Sb and 
Li7Sn2 phases were first reported to form after full lithiation 
using X-ray diffraction (XRD)23 which was then confirmed 
by X-ray absorption spectroscopy (XAS).27 Interestingly, 
the charge process was revealed only recently thanks to 
operando XAS analysis that showed the formation of a ’’Ti-
Sn-Sb like’’ compound after full delithiation with distinct 
and amorphous structural properties compared to pristine 
TiSnSb.27 This spectroscopic study thus confirmed a 
reversible conversion reaction. Nonetheless, the role of the 
Ti and the morphological evolution of TiSnSb particles at 
the nanometer and electrode scales during long term 
cycling remains unclear so far.

This study therefore aims at revealing the morphological 
conversion mechanism at both the electrode and 
nanometer scales over long term cycling. To do so, 
advanced Auger electron spectroscopy (AES) / scanning 
Auger microscopy (SAM) and µXPS parallel imaging were 
used to investigate TiSnSb based electrodes cross-sections 
prepared by ion-milling.

EXPERIMENTAL
Materials and methods used for TiSnSb synthesis and 

electrodes preparation are fully described in our previous 
study.26 For clarity, the electrode composition was 70:9:9:12 
weight ratio of TiSnSb:carbon black:VGCF:CMC and the 
TiSnSb loading was 3 mg cm-2 ±0.3 mg. The electrolyte was 
1м LiPF6 EC:PC:3DMC + 5% FEC + 1% VC. Cycling at either 
25°C or 60°C was performed between 0.02-1.5 V as 
followed: a first cycle at C/2 rate (i.e. 0.5 mole of Li per mole 
of TiSnSb per hour) with a 48 h storage period at 0.02 V 
followed by 400 cycles at 4C, stopped in charge. After cells 
opening, separators and TiSnSb electrodes were used for 
GC/MS and surface analysis, respectively. Corresponding 
analysis conditions can be found in details in our previous 
study.26 Before surface analysis, TiSnSb electrodes were 
washed twice by immersion in DMC (anhydrous, ≥99% 
purity, Aldrich, 1 ml) in a clean and dry glass vial with a 
mild manual agitation (10s). Importantly, all surface 
analysis of TiSnSb electrodes (including cross-section 
analysis) were performed after long term cycling (400 
cycles) on the same electrodes.

Electrode cross-section preparation by ion-milling. 
TiSnSb cross-sectioned electrodes were prepared using a 
JEOL Cross-Polisher (JEOL Ltd, Tokyo, Japan) in a 
nitrogen-filled glove box. Electrodes were first sandwiched 
between two silicon wafers using a silver conducting epoxy 
resin. Then at 1.10-4 Pa, the resulting assemblies were 
exposed at normal angle to the Ar+ ion beam working at 6 
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keV (i.e. ion current of 120 µA) for 8h. This method allows 
obtaining perfect planar surface as seen in Figure S1. Note 
that ion milling performed at normal angle leads to almost 
no Ar+ ions implantation (here, Ar LMM Auger lines were 
not observed in the survey spectra at 211 and 195 eV KE) so 
that resulting sample damage would be limited to 
amorphization phenomenon with the same chemical 
composition. Moreover, the usual perturbation observed 
with ion milling cross-section is material re-deposition due 
to the sputtering process, which could lead to curtaining 
process. More information can be found in the 
literature.28,29,30

Scanning electron microscopy (SEM), Auger 
electron spectroscopy (AES) and scanning Auger 
microscopy (SAM). Note first that the Auger spatial 
resolution is about 10-20 nm with a probing depth of about 
2-3 nm in the analysis conditions used. SEM, AES and SAM 
were performed using a JEOL JAMP 9500 F Auger 
spectrometer (JEOL Ltd, Tokyo, Japan) equipped with a 
Schottky Field Emission gun and a hemi-spherical analyser 
coupled with a high dynamic multichannel detector. The 
typical operating pressure was <2 x10-7 Pa. Note that the 
thickness of cross-sectioned electrodes was measured by 
SEM at 0° tilt (not shown) while other analysis were 
performed at 30-40° tilt to prevent charging effect. The 
electron kinetic energy were recorded using either: (i) CAE 
mode (constant analyzer energy, also called FAT or CAR 
mode) corresponding to a fixed energy resolution 
(dE=constant) or (ii) CRR mode (constant relative 
resolution, also called FRR mode) corresponding to a 
relative energy resolution (dE/E=constant). AES survey 
spectra were recorded between 15 to 2000 eV with 1 eV step 
size using a focused probe and a CRR mode with dE/E = 
0.5% (high sensitivity). In the different Figures, Auger 
spectra are presented using the EN(E) mode expressed as 
the output signal of the electron detector using “true” pulse 
counting versus kinetic energy. Note that in some spectra, 
a low intensity peak was observed at 100 eV and is 
attributed to a slight silicon deposition from the Si wafer 
during ion-milling. SAM (elemental 2D distribution) 
images were recorded using a CAE mode to enable defining 
the useful energy width needed to obtain a significant peak 
to background-intensity difference with respect to the 
Auger transition and the backgrounds shape. Note that 
each SAM image is represented using “peak minus 
background” (P-B) Auger intensity for a transition 
(E/E=0.5%). Also, SAM overlays interpretation usually 
need AES spectra carried out at particular position to 
confirm the composition or particular bounding. An “auto 
probe tracking” correction was also applied to control and 
compensate any potential drift (i.e. sample surface charge 
effects, vibration, electronic and electromagnetic field 
variations, sample heat dissipation, etc.) during 
acquisition.

X-ray photoelectron spectroscopy. Note first that the 
XPS probing depth is about 5-7 nm. XPS analysis was 
performed using an Escalab 250 Xi spectrometer with a 
monochromatized Al Kα radiation (hν=1486.6 eV). 

Samples were put on a sample holder using an insulating 
uPVC tape (reference 655 from 3 M) then the samples 
transfer was performed through an argon-filled glove box 
directly connected to the spectrometer. Analysis was 
performed using the standard charge compensation mode 
and an elliptic 325×650 μm X-ray beam spot.

Classical electrodes surface XPS analysis was performed 
by recording core spectra with a 20 eV constant pass 
energy, 0.15 eV step size and short time iterative scans. 
Quantification was performed using CasaXPS software. 
Core peaks were calibrated from the 285 eV peak (C-C/C-
H) while the fitting was performed using non-linear 
Shirley-type background with 70% Gaussian - 30% 
Lorentzian Voigt peak shapes, full width at half-maximum 
constraint range while quantification was done using the 
relative sensitivity factor provided with the Escalab 
machine.

XPS parallel imaging was performed on the TiSnSb 
electrode after 400 cycles at 25°C and cross-section 
preparation. Core spectra were recorded using a 100 eV 
constant pass energy (PE) with a 0.8 eV step size in 50 µm 
small area lens mode (i.e. aperture selected area). Parallel 
images were recorded using a 400 eV PE in 150 µm image 
lens mode using a fixed energy for each element. Prior to 
analysis, both SEM and XPS parallel images (using 500 µm 
image lens mode) of the electrode cross-section were used 
to precisely select areas of interest.

RESULTS AND DISCUSSION
Figure 1a summarizes the long-term electrochemical 

performance of TiSnSb electrodes performed at 4C rate 
and 25°C or 60°C as well as the main GC/MS and XPS 
results obtained after 400 cycles. Overall, much higher 
capacity retention and coulombic efficiency (CE) as well as 
lower polarization was observed at 60 °C compared to 25°C. 
These results are therefore unexpected considering the 
poorer performance and shorter lifetime normally 
observed for high temperature Li-ion cells.31,32,33 Although 
kinetic effects could partially explain both the lower 
polarization / higher capacity retention at 60°C, it cannot 
explain the higher CE. Interestingly, GC/MS analysis 
(Figure 1b) showed a much lower electrolyte degradation 
at 60°C (i.e. only a partial additives consumption) 
compared to 25°C (i.e. full additives consumption and 
further EC degradation). It therefore suggests the 
formation of a more stable/passivating SEI film at the 
TiSnSb electrode surface at 60°C, in good agreement with 
the higher CE. For information, cycling at 60°C led to a 
much higher LiF content (30 at.%) compared to 25°C (4 
at.%), highlighting a larger LiPF6 degradation (Figure 1c). 
A much higher Li2CO3 content (50 at.%) was, however, 
observed at 25°C compared to 60°C (20 at.%), more likely 
due to the higher solvent degradation. To get more insights 
on the morphological conversion mechanism at both the 
electrode and nanometer scales, cross-sections of a pristine 
TiSnSb electrode and electrodes after 400 cycles at 25°C 
and 60°C were then prepared by ion-milling and analysed 
using advanced Auger / µXPS parallel imaging.
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Figure 1. a) Discharge capacity, coulombic efficiency and polarization (inset) versus cycle number of TiSnSb/Li coin cells cycled 
at 25°C or 60°C in 1м LiPF6 EC:PC:3DMC + 5% FEC + 1% VC between 0.02-1.5 V at 4C (i.e. 4 mole of Li per mole of TiSnSb per 
hour). b) Chromatograms of the electrolyte (The relative abundance of each peak was normalized relatively to PC) and c) Main 
SEI species at the TiSnSb electrodes surface (in at.%, from XPS quantification) as extracted for the same TiSnSb/Li coin cells after 
400 cycles. For clarity, reference 26 fully described the XPS and GC/MS analysis conditions and also present the full XPS 
quantification table with peak assignments. 

SEM, AES and SAM of the pristine TiSnSb electrode 
cross-section. Figure 2a shows a SEM image of a pristine 
(uncycled) TiSnSb electrode cross-section. The Cu current 
collector and the silver epoxy resin were observed at the 
bottom and on top of the composite electrode, 
respectively. The electrode of 12 ±2 µm thick was 
constituted of dense and shapeless TiSnSb particles of 0.5-
5 µm surrounded by large and porous areas containing the 
carbon additives and the CMC binder as confirmed by AES 
spectra (Figure 2b). Indeed, carbons/CMC areas showed 
intense C KLL transitions (150-270 eV KE) and weak O KLL 
transitions (470-510 eV KE) while TiSnSb particles showed 
the expected Ti LMM (350-400 eV KE), Sn MNN (400-440 

eV KE) and Sb MNN (440-470 eV KE) transitions. 
Interestingly, O KLL peaks were also observed on TiSnSb 
particles more likely due to the formation of small amount 
of oxide phases during the TiSnSb synthesis. As a matter of 
fact, Sn and Sb oxides were previously observed at the 
pristine electrode surface by XPS while the as prepared 
powder diffractogram was unequivocally assigned to 
TiSnSb.26 Note that a low intensity C KLL peak was also 
observed on TiSnSb particles due to possible low 
contamination of the flat surface before analysis. The SAM 
images then clearly confirm that dense TiSnSb particles 
were surrounded by carbons areas (Figure 2c) and show a 
perfect overlay of the Ti, Sn and Sb elements (Figure 2d).

Page 4 of 11

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 2. a) SEM image of a pristine TiSnSb electrode cross-section, b) Auger spectra taken at different position as indicated in 
the SEM image. SAM (elemental 2D distribution) images of c) C KLL, O KLL transitions and their overlay and d) Ti LMM, Sn MNN, 
Sb MNN transitions and their overlay. The area at which the SAM images were taken is indicated in the SEM image.

SEM, AES and SAM of TiSnSb electrodes cross-
section after 400 cycles at 25°C and 60°C. Figure 3a 
shows a SEM image of a 25°C cycled TiSnSb electrode 
cross-section. The thickness of the electrode was 50 ±3 µm 
compared to 12 ±2 µm for the pristine electrode, which 
indicates a large volume expansion upon the long term 
cycling. This can be explained by the significant 
morphology change of the TiSnSb particles. Indeed, while 
dense particles were still observed, they were now 
surrounded by the formation of non-uniform porous shell. 
This was confirmed by AES spectra for which Ti LMM, Sn 
MNN and Sb MNN peaks were detected (Figure 3b). Note 
also that dense cores showed some cracks. These results 
are explained by a non-uniform shell to core 
expansion/break up of TiSnSb particles over long term 
cycling. Consequently, the spreading/pulverization of 
TiSnSb particles led to the electrode porosity filling as well 
as to an increase of the electrode thickness. SAM images 
further confirmed the formation of a dense core-porous 
shell structure of the TiSnSb particles (Figure 3d). 
Importantly, this result represents a direct proof of the 
conversion type reaction of this electrode material even 
after 400 cycles. However, some discrepancies of the Ti, Sn 
and Sb elements distribution over the porous shells were 
observed which indicates a non-uniform spreading of the 
different elements/phases during the continuous 
conversion reactions. Interestingly, the SAM images of C, 
O, and their overlay showed that carbon areas contain 
almost no oxygen (Figure 3c). The overlay of C, O and Ti 
showed, however, that oxygen areas mostly overlapped the 

porous TiSnSb areas while no oxygen was observed on the 
dense TiSnSb areas (Figure 3f). These results suggest the 
formation of O-containing SEI species inside the TiSnSb 
porous shell structure due to the continuous electrolyte 
degradation at the fresh TiSnSb surface formed by the 
expansion/break up of particles over long term cycling. 
Similarly, the SAM images of F KLL and its overlay with C 
and O elements showed that F-based species (formed by 
LiPF6 degradation) overlapped well with the oxygen areas, 
i.e. inside the TiSnSb porous shell structure (Figure 3e). 
Figure 4a shows a SEM image of a 60°C cycled TiSnSb 
electrode cross-section. Note the absence of current 
collector for this sample due to a complete but clean 
delamination of the electrode during the assembly 
between the silicon wafers. For clarity, the current 
collector was located at the top of the electrode so that 
silver epoxy resin was observed instead. The thickness of 
the electrode was 65 ±3 µm compared to 50 ±3 µm for the 
25°C cycled electrode, which indicates a larger volume 
expansion upon the long term cycling at 60°C. This is in 
agreement with the further morphology change of the 
TiSnSb particles. Indeed, highly porous and large TiSnSb 
structures (with nearly no dense areas) were surrounded 
by carbons/CMC areas (Figure 4a) as confirmed by AES 
spectra (Figure 4b) and SAM images (Figure 4c-f). This is 
explained by the much higher capacity retention during 
the 60°C cycling that led to a higher expansion/break up of 
TiSnSb particles, compared to 25°C. Therefore, the 
spreading/pulverization of TiSnSb particles clearly leads to 
both the electrode porosity filling and the electrode 
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thickness increase. Surprisingly, however, no discrepancy 
of the Ti, Sn and Sb elements distribution was observed 
over the porous structure (Figure 4d). This indicates a 
uniform spreading of the different elements/phases during 
the continuous conversion reactions compared to 25°C. As 
a matter of fact, the presence of Ti LMM, Sn MNN, Sb MNN 
transitions on the AES spectra (whatever the analysis 
position was) further confirmed the presence of Ti, Sn and 
Sb at the nanometer scale. Indeed, the analysis spot size is 
about 10-20 nm. This result is of great importance as it 
proves the continuous reformation of a TiSnSb-like phase 
over 400 cycles which is even more surprising considering 
a total spreading over tens of micron. Interestingly also, 
both oxygen and fluorine areas overlapped well the porous 
TiSnSb areas (Figure 4e-f), similarly to 25°C. It therefore 
confirms that SEI species are mostly formed inside the 
porous TiSnSb structure due to the electrolyte degradation 

at the fresh surface formed by the continuous 
expansion/break up of particles over long term cycling.

Overall, the continuous conversion reactions greatly 
affect the TiSnSb morphology. It changes from dense 
TiSnSb particles to highly and large porous structures. At 
this point, to confirm that such morphological evolution 
does not occur as soon as the first lithiation, a TiSnSb 
electrode cross-section was analyzed after the first 
discharge at 25°C (Figure S2). It was found that TiSnSb 
particles indeed remained dense with only few cracks while 
their homogeneous lithiation was confirmed by AES 
spectra and SAM images of the lithium. Moreover, the 
electrode thickness was 16 ±2 µm compared to 12 ±2 µm for 
the pristine electrode, which indicates that the porosity of 
the CMC based electrode greatly helps to absorb the 
volume expansion during the conversion reaction of 
TiSnSb into Li3Sb/Li7Sn2/Ti.

Figure 3. a) SEM image of a TiSnSb electrode cross-section at the end of charge after 400 cycles at 25°C, b) Auger spectra taken at 
different position as indicated in the SEM image. SAM (elemental 2D distribution) images of c) C KLL, O KLL transitions and their 
overlay, d) Ti LMM, Sn MNN, Sb MNN transitions and their overlay, e) F KLL transition and C KLL / O KLL / F KLL overlay and f) 
C KLL / O KLL / Ti LMM overlay. The area at which the SAM images were taken is indicated in the SEM image.
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Figure 4. a) SEM image of a TiSnSb electrode cross-section at the end of charge after 400 cycles at 60°C, b) Auger spectra taken 
at different position as indicated in the SEM image. SAM (elemental 2D distribution) images of c) C KLL, O KLL transitions and 
their overlay, d) Ti LMM, Sn MNN, Sb MNN transitions and their overlay, e) F KLL transition and C KLL / O KLL / F KLL overlay 
and f) C KLL / O KLL / Ti LMM overlay. The area at which the SAM images were taken is indicated in the SEM image.

XPS parallel imaging of a TiSnSb electrode cross-
section after 400 cycles at 25°C. The aim of this study was 
to assess the feasibility of µXPS analysis considering the 
micrometer scale of both TiSnSb particles and 
TiSnSb/carbons distribution of the electrodes cross-
section. Figure 5a shows a SEM image of a TiSnSb electrode 
cross-section after 400 cycles at 25°C while Figure 5b shows 
the corresponding high-resolution µXPS parallel image 
overlay of O 1s (532 eV), Ti 2p (486 eV), Cu 2p (932 eV) and 
Ag 3d (368 eV). Interestingly, all components of the cross-
section (i.e. the silver epoxy resin, Cu current collector and 
electrode) were clearly distinguished in the µXPS parallel 
image overlay when compare to the SEM image. Moreover, 
oxygen areas were only partially overlapped by titanium 
areas as previously observed by Auger (Figure 3). Note that 
carbon was observed on the whole analysis surface area 
due to a possible contamination. However, the black areas 
of the electrode contained neither O nor Ti so they are 

attributed to the carbon additives areas, in agreement with 
the SEM/Auger analysis (Figure 3). The presence of O 1s, Ti 
2p, Cu 2p and C 1s and was further confirmed by the µXPS 
core spectra taken at the electrode cross-section scale 
(Figure 5c). Overall, this study highlights that µXPS 
parallel imaging can be performed on such unusual 
samples. In the future, comparison of chemical 
composition mapping for both electrode surface and cross-
section will be considered. However, it will required 
further optimization to obtain high-resolution core spectra 
with suitable count rates. Indeed, here, the elements of 
interest (i.e. Ti, Sn, O…) had relatively low counts rates 
with the settings used. Therefore, µXPS parallel images 
were recorded using a given energy (i.e. peak – background 
intensity) for each element, which corresponded to an 
analysis time of about 8h per element. It would thus be 
quite time consuming to acquire µXPS parallel images 
using an energy range for each element instead.
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Figure 5. a) SEM image of a TiSnSb electrode cross-section at the end of charge after 400 cycles at 25°C, b) high-resolution parallel 
XPS image overlay of O 1s, Ti 2p, Cu 2p and Ag 3d for the same TiSnSb electrode cross-section and c), µXPS core spectra of O 1s, 
Ti 2p, Cu 2p and C 1s (no energy calibration was performed). The areas at which the parallel XPS image and the µXPS core spectra 
were taken are indicated in the SEM image.

CONCLUSIONS
In this study, the morphological conversion mechanism 

of TiSnSb over long term cycling was revealed at both the 
electrode and nanometer scales using cross-section Auger 
mapping. After the first discharge, TiSnSb particles 
remained dense (as the pristine ones) and homogeneously 
lithiated over the electrode thickness while the electrode 
porosity advantageously buffered the volume expansion of 
the TiSnSb conversion into Li3Sb/Li7Sn2/Ti. During long 
term cycling (400 cycles), a continuous shell to core 
expansion/break up of TiSnSb particles occurred so that 
large highly porous structures were formed. Interestingly, 
this phenomenon was more uniform at 60°C than 25°C, 
which can partially explain the better electrochemical 
performance observed at high temperature. The electrode 
porosity was thus gradually filled by both the spreading of 
the porous TiSnSb structures as well as the SEI formed 
inside these structures so that the electrode thickness 
increased. More importantly, the presence of Ti, Sn and Sb 
elements at the nanometer scale despite a total spreading 
over tens of micron therefore proved the permanent 
reformation of a TiSnSb-like phase over 400 cycles, which 
is clearly surprising for such conversion type material.

Interestingly, µXPS parallel imaging was further 
evaluated to confirm the Auger analysis and opens the 
possibility to compare the SEI chemical distribution at 
both electrode surface and cross-section. In that direction, 
ToF-SIMS coupled to ion etching/in situ FIB depth 
profiling could also be considered. Furthermore, in the 
future, X-ray tomography and atomic force microscopy will 
also be of great interest to probe the 3D morphological and 
electronic network properties of long term cycling 
conversion/alloying electrodes for Li-ion battery and 
beyond. Overall, the innovative approach proposed in this 
work will benefit not only to the study of all 
conversion/alloying based batteries but also to all-solid-
state batteries for which buried interfaces have to be 
reached.
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