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Interfacial Chemistry Effects in the Electrochemical
Performance of Silicon Electrodes under Lithium-lon Battery

Conditions

Xiangdong Xu, Daniel Martin-Yerga,* Nicholas E. Grant, Geoff West, Sophie L. Pain,
Minkyung Kang, Marc Walker, John D. Murphy, and Patrick R. Unwin*

Understanding the solid electrolyte interphase (SEI) formation and
(de)lithiation phenomena at silicon (Si) electrodes is key to improving the
performance and lifetime of Si-based lithium-ion batteries. However, these
processes remain somewhat elusive, and, in particular, the role of Si surface
termination merits further consideration. Here, scanning electrochemical cell
microscopy (SECCM) is used in a glovebox, followed by secondary ion mass
spectrometry (SIMS) at identical locations to study the local electrochemical
behavior and associated SEI formation, comparing Si (100) with a native oxide
layer (SiO, /Si) and etched with hydrofluoric acid (HF-Si). HF-Si shows greater
spatial electrochemical heterogeneity and inferior lithiation reversibility than
SiO, /Si. This is attributed to a weakly passivating SEI and irreversible lithium
trapping at the Si surface. Combinatorial screening of charge/discharge
cycling by SECCM with co-located SIMS reveals SEI chemistry as a function of
depth. While the SEI thickness is relatively independent of the cycle number,

development of portable electronic devices
and electric vehicles, and provide opportu-
nities to balance electricity generation and
consumption in smart grids."?! Further
applications demand batteries with higher
capacity, energy and power densities, and
longer operational lifetimes. In this regard,
silicon (Si) is a promising negative elec-
trode material due to the higher theoreti-
cal specific capacity (3590 mAh g~', Li;; Si,)
than graphite (372 mAh g!, LiC).>
However, Si suffers from massive volume
expansion (x~400%) upon lithiation, lead-
ing to cracking and subsequent pulveriza-
tion, loss of electric contact, and side reac-
tions.l”] In fact, the formation of the solid-
electrolyte interphase (SEI) on Si is highly

the chemistry — particularly in the intermediate layers — depends on the

number of cycles, revealing the SEI to be dynamic during cycling. This work
serves as a foundation for the use of correlative SECCM/SIMS as a powerful
approach to gain fundamental insights on complex battery processes at the

nano- and microscales.

1. Introduction

Lithium-ion batteries (LiBs) are a key energy storage technol-
ogy to achieve a low-carbon economy. LiBs have enabled the

dynamicl®! with compositional and struc-
tural changes upon cycling due to a so-
called “breathing effect”.[*1%) This particu-
lar behavior results in a weakly passivating
SEI and systemic loss of Li* inventory.'!]
Several strategies have been explored to
improve the passivation and stability of
the SEI, including the use of additives
such as fluoroethylene carbonate,['?] or the
fabrication of artificial SEI layers.['*!*] Yet, these approaches re-
quire additional components or manufacturing steps, further
complicating the system.
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Figure 1. Schematic of correlative electrochemical multi-microscopy approach to study SEI formation and electrochemical processes on SiO,/Si and
HF-Si electrodes: a) hopping-mode SECCM for spatially-resolved electrochemical measurements with a pipette probe filled with T M LiPFg in EC/EMC,
followed by b) SIMS analysis of SEI and Si interfaces in the SECCM regions by the collection of mass spectra and chemical maps as a function of depth

into the sample using Ga* sputtering.

Si reacts readily with oxygen forming a surface layer of Si ox-
ides either by contact with air (native oxide) or through synthetic
methods.[">"*] The oxide formation process determines proper-
ties such as the state of oxidation, relative oxide composition, and
ionic conductivity.[1®2921] Chemical etching methods employed
to remove the oxide layer, akin to those extensively used in pho-
tovoltaic manufacturing,??! also vary and thus yield distinct sur-
face properties (e.g., chemical terminations).l?*?’] Recent stud-
ies have investigated the effect of the surface oxide layer on
Si (e.g., existence,'>?*] thickness,!15171928-30] composition,[16-2]
crystallinity,['82] oxidation method!'®!8]) on the SEI formation
and battery performance. Differences in composition, such as the
formation of LiSi, O, through lithiation of SiO,, have been shown
to provide higher structural stability and longer lifetime.[?831] A
more stable SEI, resulting in fewer side reactions and higher
Coulombic efficiency, has been observed on Si with surface
oxides.?23%34 These studies have shown that subtle differences
in Si surface properties can strongly influence battery perfor-
mance and degradation, but important interfacial phenomena re-
quire deeper understanding. For instance, it is unclear whether
oxide growth and removal processes lead to spatial heterogeneity
in properties across the Si surface affecting the electrochemical
performance (i.e., the generation of degradation “hot spots”). Lo-
cal electrochemical measurements are most effective in revealing
such phenomena, as illustrated by scanning electrochemical mi-
croscopy studies of local discontinuities in the SEI across a Si
electrode ascribed to SEI cracking,*! and the local initiation of
SEI growth on nearly atomically flat Si electrodes. 3]

Direct correlation between local structure and function
(activity) of electrochemical materials with high spatial
resolution*”) can be achieved by combining scanning elec-
trochemical cell microscopy (SECCM) with co-located surface
characterization.[*®*!1 SECCM has been applied to reveal the het-
erogeneous (de)lithiation activity on LiFePO, composites,!*?*3]
individual LiMn,0,,**1 and TiO,** particles, and to study the
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SEI formation on highly oriented pyrolytic graphite (HOPG)
surfaces.’] Recently, we introduced correlative SECCM with
shell-isolated nanoparticles for enhanced Raman spectroscopy
(SHINERS) to provide information on the SEI chemistry and
to reveal the dynamics of SEI formation on Si electrodes,/®!
and with high-resolution cross-sectional imaging to visualize
atomic-scale localized degradation.*!] Novel developments to
combine SECCM in tandem with techniques able to provide
comprehensive surface chemistry information at commensurate
regions are expected to open new avenues to deepen understand-
ing of battery processes such as SEI formation mechanisms at
the nano- and microscales.

Here, we advocate a correlative electrochemical multi-
microscopy approach coupling SECCM and secondary ion mass
spectrometry (SIMS), as illustrated in Figure 1, to understand the
effect of surface chemistry and local interfacial properties on the
SEI formation and (de)lithiation performance of native oxide sili-
con (SiO,/Si) and hydrofluoric acid etched silicon (HF-Si). A key
finding from our study is that the removal of the native oxide layer
leads to much worse lithiation reversibility and higher spatial
variability in the electrochemical response, SEI properties, and
chemistry. Overall, this work reinforces the versatility of SECCM
as a leading tool for characterizing battery materials. Combining
SECCM with co-located chemical imaging techniques results in
a compelling platform for monitoring and analyzing battery in-
terphases.

2. Results and Discussion

2.1. Comparison of Local Electrochemistry on SiO, /Si and HF-Si

Structural heterogeneities and surface oxide termination can af-
fect the SEI formation and (de)lithiation behavior of Si battery
materials.[®?!] We thus analyzed these processes, comparing the
behavior of SiO,/Si and HF-Si electrodes. SECCM was used to

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Summary of main results obtained from voltammetric SECCM imaging of a—c) SiO,/Si and d—f) HF-Si electrodes using pipettes with diameters
of 2.1 um (SiO, /Si) and 2.7 um (HF-Si) filled with 1 M LiPFg in EC/EMC. Voltammetric data obtained for the first charge/discharge cycle in all the SECCM
pixels of a) SiO,/Si and d) HF-Si. Potential ranges were between +2.10 and —0.08 V versus Li/Li* for SiO,/Si and between +2.10 and —0.18 V versus
Li/Li* for HF-Si. Equipotential maps representing spatially-resolved current densities of electrolyte reduction (C; process) on b) SiO,/Si at +0.18 V and
on e) HF-Si at +0.16 V. Scale bars are 24 um. Histogram for current densities of electrolyte reduction (C;) and lithiation (C,) obtained from SECCM

maps for c) SiO, /Si and f) HF-Si.

record two voltammetric charge/discharge cycles at 210 indepen-
dent locations (pixels) across the two surfaces (covering areas of
84 x 90 um in each case). All the spatially-resolved voltammetric
responses (first cycle) recorded on SiO, /Si by SECCM are shown
in Figure 2a, where the faradaic processes are assigned to elec-
trolyte reduction (C,, origin of SEI formation), lithiation (C,), and
delithiation (A,).[19203449:50] Partial reduction of the native oxide
layer has been previously reported,*334 but no signs of this pro-
cess were detected on the cyclic voltammetry (CV) profile. The
current density map at +0.18 V versus Li/Li* (Figure 2b) shows a
relatively uniform response for electrolyte reduction on SiO, /Si,
further demonstrated by plotting the distribution of current den-
sities (Figure 2c). Lithiation (—0.08 V) and delithiation (+0.47 V,
forward sweep) activity maps are shown in Figure S1a,b, Support-
ing Information. SECCM left uniform-sized footprints (3.8 um
diameter) on SiO, /Si as shown by SEM (Figure S1c, Supporting
Information), which proves that meniscus contact was stable dur-
ing experiments.

CV profiles from SECCM imaging of HF-Si (Figure 2d, first
cycle) showed a new cathodic process (C;) at around +0.9 V,
a detectable shift in potential for the electrolyte reduction peak
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(Cy) (+0.16 V on HEF-Si vs +0.18 V on SiO,/Si), and the ab-
sence of any delithiation process (A;). We attribute C; to the
formation of Si-ethoxy surface intermediates due to electrolyte
decomposition.>! Linear carbonates can decompose to ethoxy
radicals (RO-) or anions (RO™) leading to the substitution of pro-
tons on hydrogen-terminated Si (Si-H) by ethoxy groups,®*?] a
process that is blocked by the oxide layer on SiO,/Si.>!] A more
negative overpotential is required to achieve lithiation current
densities on HF-Si of the same magnitude as on SiO,/Si, due
to the existence of surface hydrogen termination.’**>3] HF-Si dis-
played a more heterogeneous response as shown in the current
density map for C; at +0.16 V (Figure 2e) and the correspond-
ing histogram (Figure 2f), with again a very consistent SECCM
footprint (~5.0 pm diameter, Figure S2a, Supporting Informa-
tion). Indeed, the average current density for HF-Si (C, process)
was —1.76 + 0.12 mA cm2, the standard deviation is approxi-
mately six times larger than for SiO, /Si: —=2.05 + 0.02 mA cm™2.
A lithiation activity map (current density at C,, —0.18 V) is also
shown in Figure S2b, Supporting Information. Variability in the
electrochemical response for HF-Si is even more pronounced
on the second charge/discharge cycle (Figure S3, Supporting

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a) Representative voltammetric profiles for the first (solid line) and second (dashed line) charge/discharge cycles on HF-Si (red line) and
SiO, /Si (blue line) extracted from individual SECCM locations. b) Histogram of the ratio between cathodic charge (Q.) from the second and first
charge/discharge cycles (Q.2/Q.") obtained from all SECCM locations (n = 210) on SiO,/Si and HF-Si. Representative voltammetric profiles for
10 charge/discharge cycles recorded at one individual location on c) SiO,/Si and d) HF-Si. Arrows indicate the direction of increasing cycle number.
e) Evolution of average cathodic charge (Q,) as a function of charge/discharge cycle number calculated from all the SECCM locations (n = 36) on SiO, /Si

and HF-Si.

Information). The increased heterogeneity on HF-Si is tenta-
tively ascribed to local variations in surface properties, such as
hydrogen termination or minor structural defects generated dur-
ing the removal of the surface native oxide layer.’*>*! Changes
in surface roughness or wettability should not be major con-
tributors to the different responses observed between SiO,/Si
and HF-Si. The surface remains relatively flat following the
etching process,!?* and both SiO, /Si and HF-Si exhibit similar
surface wettability (evidenced by the ratio of SECCM footprint
to pipette diameter, dpop,in/dyipee, of 1.8 and 1.9, respectively).
While such local variations in activity at the nano/microscale
would tend to be undetected by conventional experiments,
spatially-resolved SECCM is able to reveal this important
information.

2.2. SEl at Early Stages is Strongly More Passivating on SiO, /Si
than on HF-Si

To further highlight the distinct electrochemical response of
SiO,/Si and HEF-Si, representative CVs for the first and second
cycles are shown in Figure 3a. The main differences between
the responses of the two surfaces for the first cycle were de-
scribed above, and now we focus on the behavior for the second
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charge/discharge cycle, after the initial formation of the SEI. The
electrolyte reduction process (C,) largely disappeared in the sec-
ond cycle on SiO,/Si whereas all processes were preserved on
HEF-Si but with a small decrease in current density. Thus, the SEI
formed at the very early stages (first cycle) is more passivating
on SiO, /Si, as further electrolyte reduction is blocked more effi-
ciently.

A semi-quantitative analysis of the passivating efficiency of the
early SEI layer was carried out by integrating the cathodic charge
(Q.) from all the pixels in SECCM scans. Figure 3b shows the
population distribution for the ratio between Q. from the sec-
ond and first cycles (Q.2/Q.'), which provides relative informa-
tion about how much electrolyte reduction is prevented on the
second charge/discharge cycle by the SEI formed during the first
cycle. Homogeneous values of Q.2/Q.! ~0.2 were found across
the SiO, /Si surface whereas the distribution was wider (0.25 to
0.85) for HF-Si, which again reveals the spatial variability of HF-
Si, in this case with respect to the passivating properties of the
SEI These results demonstrate there are some regions on HF-Si
where the SEI is either particularly unstable or does not prevent
electrolyte reduction efficiently. Notably, for all surface locations,
Q,2/Q.! was higher on HF-Si than on SiO, /Si. Evidently, the na-
tive oxide layer in SiO,/Si aids in developing a more passivating
SEI in the very early stages.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. a,c) Lit and b,d) F~ maps obtained by SIMS from a,b) HF-Si and ¢,d) SiO,/Si electrodes after SECCM with 10 charge/discharge voltammetric
cycles. SIMS maps were collected using a 30 keV Ga*t ion beam with a primary ion beam current of 10 pA at a resolution of 55 nm. Scale bars are 7 um.
Detailed SECCM results and conditions are presented in Figures S5 and S6, Supporting Information. Crystals after electrolyte drying are detected as
spots with lower Li* and F~ concentrations on SiO, /Si maps but were not considered for analysis.

The evolution of SEI formation was then monitored by
recording SECCM experiments up to 10 charge/discharge cy-
cles on SiO,/Si and HF-Si (main SECCM results summarized in
Figures S4 and S5, Supporting Information). Figure 3c shows the
multi-cycling voltammetric response at one location on SiO, /Si
and the response on HF-Si is shown in Figure 3d. Voltammetric
processes related to electrolyte reduction (C,) disappeared com-
pletely after the third cycle for SiO, /Si together with an initial de-
crease in lithiation (C,) current density that became nearly stable
by the fifth cycle.

The delithiation peak (A,) shifted to more positive potentials
upon cycling (Figure S4b, Supporting Information), showing
more sluggish charge transfer kinetics due to a lower conduc-
tivity as a consequence of the formation of amorphous Si and the
SEI layer.?*l In contrast, significant current density was still ob-
tained for C, on HF-Si even at the tenth cycle. C, was not strongly
affected by cycling (Figure 3d), whereas the current density for C,
(electrolyte reduction) and C, (lithiation) slowly decreased upon
cycling the HF-Si electrode. No delithiation processes were ob-
served for HF-Si even after several cycling steps, confirming the
poor lithiation reversibility of HF-Si.

The evolution of Q_ upon cycling (Figure 3e) provides clear ev-
idence of the different behavior for electrolyte reduction and, in-
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directly, of the passivating properties of the SEI on SiO, /Si com-
pared to that on HF-Si. A sharp decrease in Q_ during the first
three cycles indicates that the SEI formed on SiO,/Si is more
passivating and is efficient in preventing further electrolyte re-
duction, in contrast to the more gradual decrease observed on
HEF-Si, due to either slow SEI formation or an SEI formed by com-
ponents with weak passivating properties.

2.3. Correlative SIMS Imaging Uncovers Local SEI Chemical
Heterogeneities on HF-Si

To elucidate differences in the spatial heterogeneities observed
between HF-Si and SiO,/Si, correlative chemical analysis by
SIMS was carried out to collect Li* (Figure 4a—c) and F~
(Figure 4b—d) maps from the top of the SEI layer on commen-
surate areas to SECCM after 10 charge/discharge cycles. Spatial
differences in SEI chemistry from the HF-Si and SiO,/Si SIMS
maps are evident. For instance, Li* and F~ signals increased
from the bottom-left to the top-right regions of the HF-Si surface.
Correlating this behavior with the CVs (first charge/discharge
cycle) of the first (bottom left) and last (top right) SECCM
spots (marked with magenta circles in Figure 4a,b), the main

© 2023 The Authors. Small published by Wiley-VCH GmbH
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difference comes in the current density of the C, process ap-
pearing at approximately +0.73 V as shown in Figure S5a,b, Sup-
porting Information. This process is potentially assigned to the
formation of Si-ethoxy surface intermediates by electrolyte de-
composition and reaction with hydrogen-terminated Si (Si-H).>!
These local heterogeneities across the HF-Si surface are thus
likely due to the existence of different degrees of hydrogen ter-
mination resulting from the etching process.[2627558] Qur SIMS
results indicate that these heterogeneities not only lead to some
variation in electrochemistry, as shown in Figure S5, Supporting
Information but also to different SEI chemistry, with higher re-
activity (i.e., current density for C;) promoting the enrichment
of Li* and F~ on the top layer of the SEI. In contrast, relatively
homogeneous Li* (Figure 4c) and F~ (Figure 4d) SIMS maps are
found on SiO,/Si, consistent with the strongly uniform SECCM
response across the SiO, /Si surface (Figure S5, Supporting In-
formation); the absence of Si-H terminations means that the re-
action mentioned above does not occur. Note that the sample was
not washed with any organic solvents to keep the pristine struc-
ture and composition of the SEI layer and the electrolyte residues
observed on SiO, /Si footprints (shown as lower Li* and F~ con-
centrations than the SEI) were not considered for the analysis.

2.4. Chemistry of SEI Intermediate Layers is Highly Dynamic
during SEI Formation

The SEI comprises a layered structure with the top layers com-
posed mainly of organic species and the bottom layers being
richer in inorganic species,!?3%%0] although an inverted structure
has been reported on etched Si surfaces.!] The SEI on Si may
also show a dynamic “breathing” characteristic with the com-
position changing upon cycling.®#?3362] To understand the ef-
fect of cycling on the SEI chemistry, we carried out combinato-
rial SECCM with each row corresponding to a different number
of charge/discharge cycles (from 1 to 10) and Li* SIMS map-
ping was undertaken with a sequence of sputtering steps (i.e.,
depth profiling), up to the complete removal of the SECCM foot-
print (Figure S6, Supporting Information). This produced SIMS
maps from the top SEI layer down to the Si interface. All the
SECCM footprints remaining after each step of the sputtering
sequence (Figure S6, Supporting Information) appear to be sim-
ilar and thus the SEI thickness is considered to be fairly inde-
pendent of the number of charge/discharge cycles, within the
range studied (1-10 cycles). In addition, the analysis of cross-
sections (Figure S7, Supporting Information) taken from rep-
resentative SECCM spots after 10 cycles revealed a thicker SEI
on HF-Si (%100 nm) compared to SiO,/Si (=50 nm), although
this thickness value can vary slightly depending on the location
due to the inherent roughness of the SEI. This difference im-
plies that each corresponding SIMS map from the sputtering se-
quence likely provides information into distinct layers within the
stratified structure of the SEI. As such, a direct comparison be-
tween Si samples was not carried out in this study.

Selected layers of Li* SIMS maps for HF-Si are shown in
Figure 5a—d, with the full sequence in Figure S8, Supporting
Information. The top Li* SIMS layer (Figure 5a), believed to
be dominated by organic components, 3% was similar for all
the charge/discharge cycle numbers. However, from the second
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SIMS layer on, towards the electrode, the relative Li* concen-
tration was dependent on the number of charge/discharge cy-
cles. For instance, the second, third, and tenth cycles showed
the highest Li* concentration at the second Lit SIMS layer
(Figure S8, Supporting Information), whereas the fifth, sixth,
and eighth cycles showed the highest Li* concentration in the
fourth SIMS layer (Figure 5b). Towards the Si interface, Li* con-
centration became more or less independent of the number of
charge/discharge cycles.

Similar behavior with cycle number-dependent Li* concentra-
tion at intermediate SIMS layers analyzed in the SEI was also ob-
served for SiO, /Si (Figure 5e-h, and full sequence in Figure S9,
Supporting Information). SEI formation on Si electrodes, irre-
spective of the initial surface chemistry, results in a composition
that is more heterogeneous in Li-based species for intermediate
layers analyzed by SIMS, as summarized in Figure S10, Support-
ing Information. Note that regions where electrolyte crystals are
deposited (identified as a lower Li* signal in SIMS but higher
C, F, and P signals in EDS as shown in Figure S11, Supporting
Information) were not considered for this analysis.

SIMS spectra were recorded for 10-cycle SECCM experi-
ments on both SiO,/Si and HF-Si to identify the main chem-
ical compounds over a range of m/z = 0.4-100 for both
positive (Figure S12a,b, Supporting Information) and negative
(Figure S12¢,d, Supporting Information) polarity. Several chem-
ical fragments were tentatively assigned to surface functional
groups and SEI components, as outlined in Table S1, Supporting
Information for positive ions and Table S2, Supporting Informa-
tion for negative ions. Evolution of the normalized signals, as a
function of depth profile number, for negative (m/z = 25, 45, 63,
76) and positive (m/z = 28) fragments, corresponding to SEI com-
ponents (C,H~, LiF,~, PO,~) and Si surface (SiO;~, Si*) is high-
lighted in Figure S13, Supporting Information. Relative signals
from SEI components show significant fluctuations, which is as-
cribed to the complex and heterogeneous composition of the SEI
layer on Si electrodes.®! Although the aforementioned fragments
for the SEI and surface components were observed on both HF-Si
and SiO, /Si, the signal evolution as a function of depth was dif-
ferent for each electrode, consistent with the different SEI thick-
ness and the distinct evolution of the electrochemistry on each
surface.[25:33:34]

2.5. Significant Li Trapping on HF-Si Explains the Poor Lithiation
Reversibility

We now explore the physicochemical basis of the difference in
lithiation reversibility between SiO,/Si and HF-Si electrodes.
Figure 6 shows Li* SIMS maps of two representative SECCM
spots for HF-Si (marked with a magenta circle in Figure 5a) and
SiO, /Si (marked with a black circle in Figure 5e) correspond-
ing to 10 charge/discharge cycles and the deepest sputtered layer
(full sputtering sequence in Figures S14 and S15, Supporting
Information). These sputtering conditions completely removed
the SECCM footprint as shown in Figure S6, Supporting Infor-
mation, enabling the analysis of the Si interface. Indeed, cross-
sectional imaging confirms that the analyzed regions in both
samples correspond to the Si material below the SEI/Si inter-
face (as depicted in Figure S16, Supporting Information). These
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Figure 5. Li* maps obtained by SIMS as a function of sputtering step (i.e., depth) after combinatorial SECCM experiments of the increasing number of

voltammetric charge/discharge cycles for a-d) HF-Si and e-h) SiO, /Si. Selected sputtering steps were the first, fourth, twelfth, and fourteenth, with the
full sequence shown in Figures S8 and S9, Supporting Information. The number of SECCM voltammetric charge/discharge cycles changes sequentially

from 1 (top row) to 10 (bottom row). Scale bars are 14 um.
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maps obtained by SIMS for the first and fourteenth sputtering step on a specific location of a,b) HF-Si and c,d) SiO,/Si after SECCM for

10 charge/discharge cycles. Crosses in magenta color indicate areas with electrolyte crystals that were not considered for analysis. Scale bars are 2 um.

regions lie ~#42—45 nm beneath the Si surface prior to any sputter-
ing. As such, Li* SIMS signals originate from Li trapped within
the Si material following the delithiation step. Note that regions,
where electrolyte crystals were deposited, were not considered for
these analyses. Li* concentration at the Si interface (fourteenth
sputtering layer) was clearly higher on HF-Si than on SiO,/Si,
indicating significant Li trapping on HF-Si that is consistent
with the absence of voltammetric delithiation peaks.[®3] Lithia-
tion on HF-Si directly involves the formation of amorphous Li, Si
species!®! whereas the initial reaction on SiO,/Si results in the
formation of Li,SiO, by Li* reaction with the native oxide layer,
and subsequent formation of Li, Si after Li passes through the ox-
ide layer.33#9) Our SECCM conditions, that is, relatively fast scan
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rates, will probe interfacial and fast (de)lithiation processes and
are thus sensitive to the detection of differences between HF-Si
and SiO,/Si. The Li* diffusivity rate in Li Si has been reported
to be two orders of magnitude higher than in 1i,SiO,.**! Voltam-
metric analysis in tandem with SIMS clearly indicates Li trap-
ping on HF-Si, which might come from fast Li* diffusion into
bulk Si that will be unavailable for delithiation. In contrast, Li ac-
cumulates as Li,SiO, on the surface of SiO, /Si, leading to more
Li* available near the interface for delithiation. Li, Si, O has been
reported as the most favorable Li silicate formed on SiO, based
on calculations of free energies of reaction.l®®¢’] The native ox-
ide layer in SiO,/Si is formed by around 90% SiO, (as a ratio
of Si0,:Si0,, see Figure S17 and Tables S3 and S4, Supporting
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Information for X-ray photoelectron spectroscopy analysis). Lithi-
ation of SiO, to Li,Si,Os is reversible, thereby contributing to
delithiation processes observed on SiO, /Si.[%]

3. Conclusion

In conclusion, we have rationalized the distinct local electro-
chemical response on SiO,/Si and HF-Si at the microscale by a
novel correlative multi-microscopy approach based on SECCM
with co-located SIMS. This approach enabled the study of key
phenomena such as spatial heterogeneity of the electrochemi-
cal response, local SEI formation, chemistry, and dynamics (as
inferred from depth profiling), and Li* trapping on Si surfaces
with high resolution. SiO, /Si exhibited a more uniform electro-
chemical response across the surface, a strongly passivating SEI,
and lower Li trapping, leading to superior lithiation reversibility
than HF-Si. While the SEI thickness was more or less indepen-
dent of the number of voltammetric cycles in the early formation
stages, the composition was strongly dependent on cycle number,
notably in the intermediate layers of the SEI analyzed by SIMS,
indicating an evolution of the composition with time.

Our main finding exposes the beneficial role of the na-
tive oxide layer on the electrochemical performance of Si elec-
trodes for LiBs. Correlative SECCM/SIMS microscopy is demon-
strated as a powerful approach to understanding complex bat-
tery processes combinatorically and at a local scale. This ap-
proach presents huge opportunities to reveal fresh insights into
structure-function relationships in battery materials. In addition,
our study of model Simaterials lays the groundwork for future in-
vestigations that aim to elucidate the intricate interplay of surface
effects from individual components (e.g., active material, binder,
conductive carbon) by spatially-resolved characterization of more
conventional battery electrodes. Ultimately, these new insights
could inform the rational design of highly efficient battery inter-
faces.

4. Experimental Section

Materials and Chemicals:  SiO,/Si electrodes consisted of a =1 nm
thick native oxide layer on the surfaces of pieces of a mechanically pol-
ished 520 um thick (100)-oriented float-zone 7 Q cm n-type silicon wafer.
The thickness of the native oxide layer was estimated from a recent study
by Grant et al.[®] To investigate the SEI formation on bare silicon surfaces,
the native oxide layer on sister silicon samples was removed by etching
in a solution mixture of 2 vol.% HF (50 wt.%) and 2 vol.% hydrochloric
acid (37 wt.%) for 5 min, herein denoted HF-Si. Details of the preparation
and characterization of HF-Si could be found elsewhere,[?4] including to-
pography measurements that revealed a relatively flat surface even after
a slightly extended treatment duration. HF-Si samples were stored in an
Ar-filled glovebox (< 0.1 ppm H,0 and O, levels) immediately after etch-
ing and SECCM experiments were carried out on the same day (typically
completed within 5 h of sample preparation) to minimize organic contam-
ination and surface oxidation. An electrical connection was established by
placing copper tape on the bottom side of the Si wafer.

Battery-grade electrolyte consisting of 1 M LiPF¢ dissolved in a mixture
of ethylene carbonate and ethyl methyl carbonate (EC:EMC, 1:1 vol. ratio)
was purchased from Sigma-Aldrich. Silver wire (99.99+%, 0.25 mm diam-
eter) was purchased from Goodfellow.

Scanning Electrochemical Cell Microscopy (SECCM):  SECCM measure-
ments were performed on a home-built instrument described in detail
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elsewhere.[37:3940] The SECCM instrument, placed on an anti-vibration
table, was set up in an Ar-filled glovebox (MBraun MB200B/MB20G),
where O, and H,O levels were less than 0.1 ppm. The SECCM setup
was enclosed with a copper mesh (Faraday cage) to minimize noise from
electromagnetic interference, and the glovebox vacuum pump and circu-
lation system were turned off to minimize mechanical vibration. Data ac-
quisition and instrument control were achieved via an FPGA card (PCle-
7852R, National Instruments) running the Warwick Electrochemical Scan-
ning Probe Microscopy (WEC-SPM, www.warwick.ac.uk/electrochemistry)
Platform through a Labview 2019 interface.

Single-barrel pipettes with an opening diameter of ca. 2 um were made
by pulling borosilicate capillaries (GC120F-10, Harvard Apparatus; with
1.2 and 0.69 mm outer and inner diameters) with a laser-based pipette
puller (P-2000, Sutter Instruments). Pipettes were filled with 1 M LiPFg in
EC:EMC and an Ag wire was inserted from the back, at least 3-4 cm from
the tip end,[7% to serve as a quasi-reference counter electrode (QRCE), and
then mounted on an x,y,z-piezoelectric positioner (P-611.3S Nanocube,
Physik Instrumente) for fine movement. The pipette was placed near the Si
sample, which acted as a working electrode, with a coarse micro-positioner
(M-461-XYZ-M, Newport). The SECCM schematic in Figure 1a illustrates
the automated hopping mode used as the scanning protocol for spatially-
resolved cyclic voltammetry (CV) measurements. Briefly, the pipette was
moved by the piezoelectric positioner to approach the surface with a bias
potential (—E,,,) applied between the QRCE and the Si electrode of, typi-
cally, +2.10 V versus Li/Li* (Ag QRCE potential was converted to the Li/Li*
scale after calibration with the ferrocene redox process).[*’] Surface (work-
ing electrode) current (ig,) was monitored and used as a feedback signal
to stop the vertical motion of the pipette once the contact between the lig-
uid meniscus from the pipette tip and the Si surface was detected (when
isr Was above 2.75 pA). The pipette itself did not contact the surface. For
a typical experiment, the potential was swept between +2.10 and —0.08 V
versus Li/Li* for SiO, /Si and between +2.10 and —0.18 V versus Li/Li* for
HF-Si at a scan rate of 1V s™', to record a cyclic voltammogram. When
an individual measurement ended, the pipette was retracted and moved to
the next location on the Si surface with a separation of 6 um (to avoid over-
lap of adjacent spots), and a new measurement was recorded. The same
procedure was repeated at a series of predefined locations (i.e., individual
pixels) across the Si electrodes. For rare false approach spots, where the
pipette meniscus did not contact the surface, data in those locations were
estimated as the average of data from neighboring SECCM spots in the
current density maps (in filling), but these points were excluded from dis-
tribution analyses (i.e., histograms). These events were rare, for example,
only one spot for SiO, /Si maps (Figure S1c, Supporting Information), and
two spots for HF-Si maps (Figure S2a, Supporting Information).

Physicochemical Characterization: SECCM footprints were character-
ized by a dual-focused ion beam and scanning electron microscopy sys-
tem (FIB-SEM, FEI Scios). Fiji/Image) was used via the function “Analyze
Particles” to automatically detect and measure the contact area from all
individual SECCM measurement spots (Figure S18, Supporting Informa-
tion) and used for the evaluation of current densities. Energy dispersive
X-ray spectroscopy (EDS, X-MaxN 150, Oxford Instruments) was used for
elemental mapping of SECCM scanned areas.

Quadrupole secondary ion mass spectroscopy (SIMS, EQS HIDEN An-
alytical) characterization was performed under high vacuum at a pressure
below 5 x 107¢ mbar. SIMS was used for chemical imaging, depth pro-
filing, and mass spectra collection at locations where SECCM measure-
ments were made, as illustrated in Figure 1b. A 30 keV Ga™ ion beam with
a primary ion beam current of 10 pA (six sputtering cycles, 10 ms dwell
time), 30 pA (two sputtering cycles, 8 ms dwell time), 50 pA (three sput-
tering cycles, 5 ms dwell time), and 300 pA (three sputtering cycles, 1 ms
dwell time) was applied for depth profiling while imaging Li* and F~ ions
with a high lateral resolution of 92 nm. An approximate calculation of the
depth resolution for this experiment, assuming a homogeneous sputter-
ing rate across the different layers, yielded values of 5.3, 12.7, 13.3, and
15.9 nm (HF-Si) and 3.4, 8.1, 8.4, and 10.1 nm (SiO,/Si) for each cycle
of the 10, 30, 50, and 300 pA experiments, respectively. A 30 keV Ga* ion
beam with a primary ion beam current of 10 pA (100 ns dwell time) was
used for depth profiling while collecting the spectra with a high spectral
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resolution of 0.01 amu to analyze the chemical composition as a function
of depth. Consequently, the data obtained from both SIMS modalities —
mapping and mass spectra collection — could be directly compared as they
referred to different surface depths. Samples prepared after SECCM were
always transferred from the glovebox to the microscope chamber through
an airless transfer kit to prevent side reactions of reactive SEI and elec-
trolyte components.

To determine the SEI thickness and the cross-sectional depth between
the pristine Si interface (without sputtering) and the sputtered surface
after SIMS for HF-Si and SiO,/Si samples, a dual beam (FIB-SEM, FEI
Scios) was used to prepare the lamella with surface protected by initial
electron-beam followed by ion-beam deposition of Pt layers. Then high
angle annular dark field (HAADF), and bright field (BF) scanning trans-
mission electron microscopy (STEM, FEI Talos F200X) imaging and EDS
analysis (Super-X EDS system) were performed under 200 kV to easily dif-
ferentiate the Si and SEl interfaces and measure the thickness.

X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD spec-
trometer), which was performed with Al Ka radiation at a take-off angle
of 15° and 90° to the sample surface under high-vacuum (~10~1° mbar)
conditions, was used to elucidate the chemical composition and bonding
configuration.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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