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Revealing the Role, Mechanism, and Impact of AlF;
Coatings on the Interphase of Silicon Thin Film Anodes

Egy Adhitama, Stefan van Wickeren, Kerstin Neuhaus, Lars Frankenstein,
Feleke Demelash, Atif Javed, Lukas Haneke, Sascha Nowak, Martin Winter,

Aurora Gomez-Martin,* and Tobias Placke*

Silicon (Si) holds great promise as an anode material for high energy density
lithium ion batteries owing to its theoretical capacity of up to 3579 mAh g'.
However, this potential comes at the expense of major challenges, because
the solid electrolyte interphase (SEI) at Si anodes hardly provides long-term
protection due to severe volume expansion. Yet, when it comes to the SEI, the
formation mechanism is not thoroughly understood. Here, thin AlF; coatings
are deposited on Si thin film to stabilize the SEI. To evaluate the SEI, system-
atic observation utilizing X-ray photoelectron spectroscopy is performed at
different (de-)lithiation states, allowing stage-by-stage analysis to reveal the
role, mechanism, and impact of AlF; coating. Results show that the capacity
retention is significantly improved for 90% after 100 cycles. The transforma-
tion of AlF; into Li-Al-F compounds, as confirmed by ion chromatography, is
responsible for an enhanced performance due to its high ionic conductivity.
Moreover, the SEI of coated Si thin films is rich in inorganic species (i.e.,

LiF) which is beneficial to prevent electrons to pass through. This work will
deepen the understanding of SEI on Si anodes with respect to the coating
approach, suggesting future directions to improve coating layers on Si.

1. Introduction

The development of efficient electro-
chemical energy storage devices will
ease the transition toward a carbon-free
society and is the key to a more sustain-
able energy supply and use.!l In the last
30 years, lithium ion batteries (LIBs) have
been extensively explored, however, better
performance in terms of higher energy
content and lower production costs is
still required to fulfill future needs for
highly demanding applications, such as
electro-mobility.) In this respect, there
is still room for further improvements,
as silicon (Si) holds greater promise as
an anode material compared to state-of-
the-art (SOTA) graphite materials due
to the almost 10-fold increase in specific
capacity, low delithiation potential (=0.4 V
vs. Li|Li*), and low-cost precursor mate-
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rials.®l Si experiences a series of phase

transitions when alloying with Li (for-

mation of several intermetallic phases),
offering a maximum gravimetric capacity of 3579 mAh g
for the LijsSiy phase. Despite the perceived advantages, the
commercialization of Si-rich (the so-called Si-dominant) anodes
for high-energy LIB cells is still challenging. Si suffers from
a huge volume expansion during lithiation/delithiation pro-
cesses, resulting in irreversible changes in particle morphology
and size.’) In such conditions, the ineffective solid electrolyte
interphase (SEI) fails in preventing parasitic reactions at the
Silelectrolyte interface during operation and, thus, does not
prevent continuous electrolyte reduction and active lithium
consumption.[®!

When the electrolyte is brought to potentials outside its elec-
trochemical stability window, the electrolyte components react
at the electrodelelectrolyte interfaces, which results in the inter-
phase formation, e.g., SEI formation at the anode active mate-
rial surface.”? For instance, the typical operation potential of
the Si anodes in LIBs is =0.01-1.00 V versus Li|Li*.®] At such
low potentials, SOTA carbonate-based electrolytes are unstable
and are electrochemically reduced at the anode surface forming
a thin film, i.e., the so-called SEI. Despite more than 20 years
of advanced study in this area, the SEI, however, remains “the
most important and the least understood” aspect of LIB cells.[’)
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Previous studies aiming at understanding passivation film
formation agree that the SEI should permit the diffusion of
Li* ions while being impermeable for solvent molecules and
preventing the penetration of electrons.”) In fact, the SEI at Si
anodes is doubtful to continuously protect the active materials
in SOTA carbonate-based electrolytes unlike what it does for
graphite anodes." While SEI formation on graphite anodes is
normally completed after the first few charge/discharge cycles
in a LIB cell, the drastic structural disruption (e.g., crystalli-
zation and amorphization) during (de-)lithiation in Si anodes
causes cracking of particles, leading to ongoing electrolyte
reduction and SEI breakage/(re-)formation. This eventually
increases the internal resistance of the cell, electrolyte con-
sumption (drying out), and the consumption of Li* ions stem-
ming from the cathode.’? Only when a highly effective SEI
is formed, continuous electrolyte reduction at low potentials
is prevented and, hence, the Coulombic efficiency (Cgq) and
reversible capacity will be improved.[°"!

To prevent continuous electrolyte reduction and enable effec-
tive SEI formation, tremendous efforts have already been pro-
posed. Fluoroethylene carbonate (FEC) has been widely used
as an SEl-forming electrolyte additivel® or even as a single
solvent™ to form an effective SEI on Si anodes. However,
once all the FEC is consumed, the LIB cell will experience a
sudden failure with a rapid capacity decay.™ Another strategy
is by employing an organic or inorganic coating layer on the
surface of Si.l'®! The terms “artificial” SEI") or protective sur-
face coating!® are oftentimes used to describe the role of this
layer. In Si anodes, coating layers are often designed to shield
the reactive Li,Si, phase during the alloying process from direct
contact with the electrolyte. Furthermore, the functional coating
layer also has to be (electro)chemically and mechanically stable
enough to withstand battery operation without degradation,
while maintaining a low resistance for Li* ion diffusion. How-
ever, the maximum exploration of its benefits is still hampered
by the inability to predict and control its multifunctionality as
an electronic insulator and an ionic conductor.

Oxides (e.g., Al,03, MgO, TiO,)" and fluorides (e.g., LaF;,
MgF,, AlF;)2% are two classes of materials that have been widely
studied as surface coating materials for LIB layered cathodes
(e.g., LiNi,Co,Mn,0, (NCM-xyz), LiCoO,, LiNiO,, and LiMnO,)
to minimize parasitic side reactions at the electrodeelectrolyte
interface. Oxides are generally reported to improve cycling sta-
bility although there is still a debate to what degree the coating
can significantly mitigate oxygen loss from the lattice.1**2
Fluorides are believed to be beneficial to enhance electrochem-
ical performance by acting as HF scavengers and suppressing
electrolyte decomposition. The enhanced performance of
fluoride-based coatings was tentatively attributed to its func-
tion as a “buffer” layer.?%d After all, the fact that these inor-
ganic coatings improve the physical properties and/or cycling
stability is unquestionable, but the working principle remains
not well understood. To take full advantage of these inorganic
coatings, it is vital to understand their role not only from the
electrochemical outcomes but rather to elucidate their mecha-
nism during electrochemical cycling to justify the use of such
surface coatings. Among fluoride materials, AlF; is one of the
most commonly used coatings on cathode active material par-
ticles. The Li* transport through AlF; surface coatings on the

Adv. Energy Mater. 2022, 12, 2201859 2201859 (2 of 10)

www.advenergymat.de

cathode has been thoroughly evaluated.??! It has been reported
that the AlF; coating layer facilitates Li* ion movement once it
has been lithiated.*’! By nature, the Li* diffusivity in AlF; is low
(1.1 x 1073 m? s7'22%) however, it is found that Li—Al—F bonds
exist in lithiated AlF;, making it a stable Li-conducting solid
electrolyte (e.g., Li;AlF¢ with ionic conductivity of 107¢ S cm~124
or LiAlF, with 107* S cm™,*] respectively). Thus, it allows Li*
ions to exchange at the interface due to its low charge transfer
resistance.?) However, the influence of AlF; coatings on the
anode has been barely studied so far. Based on our under-
standing, only a few studies have investigated the impact of
AlF; on the anodes?>2%! but the mechanism remains elusive.

In this work, a systematic evaluation of how AlF; as sur-
face coating mediates the composition of the SEI formed on
Si anodes as a function of the (de-)lithiation state is provided.
Si thin films were used as a model system to neglect binder
and conductive agent interference. Two different thicknesses
of 5 nm (further referred to as “Si + 5 nm AlF;”) and 20 nm
(further referred to as “Si + 20 nm AlF;”) of the AlF; layer were
deposited on top of Si thin films. It is worth noting that the con-
ditions of the electrode with and without coating are chemically
not equivalent. Consequently, the chemical stability, insulating
property, and ionic conductivity of the AlF; layer are considered
to be important. Thus, three key questions arise: i) “What is
the mechanism for the possible phase transformation of AlF;?”
ii) “How does the AlF; coating layer influence SEI formation
on Si anodes?” and iii) “What is the effect of the layer on the
Crg, active lithium losses, and capacity fading?” In this work,
we demonstrate that AlF; coating is feasible for Si thin film
anodes and provide deeper insights into SEI formation by uti-
lizing X-ray photoelectron spectroscopy (XPS) in different (de-)
lithiation states combined with an ion chromatography with
conductivity detection (IC-CD). This study shall provide exten-
sive insights into the SEI behavior with regard to the functional
coating layer, and thus suggests future directions to advance
studies of the coating layers on Si anodes.

2. Results and Discussion

2.1. Structural Characterization of Si Thin Film Electrodes

Si thin films of different thicknesses (100-300 nm) were
deposited on smooth copper foil via magnetron sputtering
(see the Experimental Section in the Supporting Information
for further details). The crystallinity of the as-deposited Si was
first evaluated using X-ray diffraction (XRD). The XRD pattern
does not show any reflections of crystalline Si. Instead, very
intense Cu reflections and a small hump at low diffraction
angles are present, indicating that the as-deposited Si thin film
has an amorphous character, as seen in Figure S1 (Supporting
Information). The thickness of amorphous Si (a-Si) layers on
the Cu substrate was then verified using scanning electron
microscopy (SEM) with a focused-ion beam (FIB) technique.
The Si thin films were successfully deposited with thick-
nesses of =100, =200, and =300 nm, as shown in Figure S2a—c
(Supporting Information). The top view SEM images of the
pristine Si electrodes are depicted in Figure la—c, displaying
no significant differences.
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Figure 1. Top view SEM micrographs of Si thin films with different thicknesses in a pristine state a—c) and after three charge/discharge cycles
d-f): a,d) 100 nm, b,e) 200 nm, c,f) 300 nm. Top images correspond to pristine electrodes, while bottom images correspond to cycled electrodes. The

scale bar corresponds to T um for all micrographs.

Si thin film electrodes were then electrochemically evalu-
ated in Si || Li metal cells using constant current charge/
discharge cycling at a rate of 0.1C, as depicted in Figure S3a
(Supporting Information). The initial Cgg values after 3 forma-
tion cycles are 92%, 95%, and 98% for 100, 200, and 300 nm
Si thin film anodes, respectively. As the number of cycles
increased, a decline in specific capacity was observed for all
cells. Among the three materials, the thinnest (100 nm) Si thin
film cells yield the most stable performance, while the thickest
(300 nm) exhibit the worst cycling stability, in agreement with
previous findings.[?”) Interestingly, 100 nm Si-based cells show
the highest accumulated Coulombic inefficiency (ACI)1?8l while
300 nm Si-based cells show the lowest value, as illustrated in
Figure S3b (Supporting Information). The contradictory result
between capacity retention and ACI could possibly originate
from a higher ratio of the surface area to mass in the 100 nm
Si thin film anodes, which, by reaction with the electrolyte,
traps more Li* ions in the SEI as compared to the 300 nm Si

thin film anodes. In the case of thick(er) Si thin film anodes,
the partial activation and mechanical degradation upon cycling
cause significant compressive stress leading to pulverization of
active material and thus an abrupt capacity loss (e.g., in 300 nm
Si cells, the capacity is already significantly reduced after =20
cycles).?l As a result, the thinner Si film exhibits the lowest
capacity fading but the highest ACI value.

These different mechanical degradation phenomena of the
Si thin films after 3 charge/discharge cycles are depicted in
the SEM micrographs in Figure 1d—f. A rather smooth sur-
face was detected for 100 nm Si thin film electrodes, while
visible microcracks with voids between Si materials were
noticed for 200 nm Si thin film electrodes. In contrast, the Si
active materials were detached from the current collector in
the 300 nm thin film electrodes, which might be the origin of
the sudden capacity drop. Considering these results, 100 nm
thick Si thin films will be used in all further sections due to
their higher stability.

(a Al 2p

Fis (c)

Bulk AIF,

Intensity / a.u.

F1s

82 80 78 76 74 72 70 693 690 687

Binding energy / eV

684 681

Figure 2. Al 2p and F Ts XPS core spectra for a) uncoated Si thin film, and b) coated Si thin film (Si + 20 nm AIF;). The annotated compounds are
displayed. c) Schematic illustration of AlF; coated on top of Si thin film electrodes.
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2.2. Characterization of AlF; Coatings on Top of Si Thin Film
Electrodes

Thin layers of AlF; with a thickness of 5 nm (“Si+ 5 nm AIF;”)
and 20 nm (“Si + 20 nm AlF;”) were deposited on top of Si thin
films. The successful AlF; coating on Si thin film electrodes
was confirmed by means of XPS, as representatively shown for
the “Si + 20 nm AlF;” electrodes in Figure 2b. In Figure 2a, no
F 1s and Al 2p peaks exist in uncoated Si thin film electrodes.
In contrast, the F 1s and Al 2p spectra display a very intense
peak for the coated Si thin film, thus, revealing the presence
of F and Al atoms with an atomic concentration of =29 and
=24 at%, respectively (Figure 2b). The surface composition of
both spectra primarily corresponds to AlF;. Al 2p spectra show
a contribution from oxygen which reacts immediately with Al
forming Al,O3 once the samples are exposed to air.’% In the
F 1s spectra, bulk AlF; is supposed to be centered at a binding
energy (BE) of =686.8 eV, as reported in the literature.? The
existence of a peak at lower BEs (at =685 eV) is associated with
aluminum oxyfluoride species.[*?l Sputter depth profiling was
further employed with 4 kV Ar* ions and both Al and F signals
strongly decrease after 240 s. At the same time, the weak inten-
sity of the initial Si 2p peak became stronger after the sput-
tering process is done (Figure S4a—c, Supporting Information).
The evolution of the F 1s, Al 2p, and Si 2p spectra as a function
of the sputtering time demonstrates the successful existence of
a thin AlF; layer on top of the Si film electrode, as schemati-
cally illustrated in Figure 2c.

R o e i
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Further, the samples were evaluated by atomic force micro-
scopy (AFM) technique, namely Kelvin probe force micros-
copy (KPFM). In general, AFM is a frequently used method for
determining the topography of a given sample and KPFM is an
AFM-based method that enables the determination of the local
surface potential in combination with the sample topography.3’]
The surface potential is sensitive to the defect concentration at
the outermost surface of the samples and it correlates to local
electron transport properties.>¥ In this matter, KPFM measure-
ments can provide insightful information about the condition
of these properties at the electrode interface. Figure 3a,b dis-
plays the surface topography determined by AFM of uncoated
and AlF;-coated Si thin films, respectively. Both samples show
a rather smooth surface morphology where the observable
lines emerge from the used copper foil. The uncoated Si thin
films have a root mean square (RMS) surface roughness of
=102 nm, whereas the value for coated Si thin film is =108 nm.
These similar values imply that the coating of AlF; does not
significantly affect the morphology of Si thin films. Moreover,
these values are considerably small, so the Si thin film elec-
trodes have a better ability to avoid the risk of local overcharge
(or over-discharge) which is hardly achieved for porous Si or
Si/graphite composite electrodes. Figure 3c,d shows the local
surface potential determined by KPFM of uncoated and coated
Si thin films, respectively. The figures show that notable dif-
ferences exist in the surface potential of the sample after the
addition of the AlF; layer. A significant increase in the surface
potential for the coated Si thin films (=0.1-0.3 V) in comparison

Figure 3. Topography evaluation using AFM of pristine a) uncoated Si thin film and b) coated Si thin film electrodes. Surface potential images of
¢) uncoated Si thin film and d) coated Si thin film electrodes measured by KPFM technique.
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to uncoated Si thin films (=0.7-0.9 V) confirms the nature insu-
lating properties of the AlF; coating. The increase of the surface
potential can be considered as a decreased tendency for elec-
tron transfer®” which is a favorable feature of an effective SEI.

2.3. Electrochemical Performance Evaluation of Si Thin Film
Electrodes

Figure 4a compares the first lithiation behavior of Si thin films,
“Si+ 5 nm AlF;,” and “Si + 20 nm AlF;,” respectively. Similar
features were observed in the voltage profile of all cells except
a small potential spike at 0.8 V for “Si + 20 nm AlF;” (see the
inset). This feature is possibly due to a single-phase transition
of AlF; to form Li—Al—F bonds.?¥ This voltage spike can also
be seen in the first cycle (at =0.8 V) in the dQ/dV profiles as
depicted in Figure 4b,c. In general, the peak positions of the
first cyclic voltammetry (CV) scan for all cells are relatively
similar which suggests that the AlF; coating does not signifi-
cantly affect the lithiation mechanism and possibly does not
contribute to the suppression of structural change as the forma-
tion of Li,Si, still takes place reversibly. The slight difference
between these cells from CV measurements is that the current
peaks during lithiation in uncoated Si thin film cells are a bit
larger, which indicates faster kinetics leading to a higher degree
of lithiation than in coated Si thin films. During delithiation,
the current peaks of the uncoated Si thin film are not as large
as the lithiation peaks, implying worse reversibility as com-
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pared to coated Si thin film since the peak ratio between lithia-
tion and delithiation is seemingly relatively smaller (Figure 4c).

The impact of AlF; on SEI formation was further investi-
gated by taking a closer look at the attainable specific capacity
in the first cycle for the different cells. The first lithiation
capacity for uncoated Si is =5440 mAh g7! (Figure 4d). It
decreases with the addition of AlF; film to =5100 mAh g
for both “Si + 5 nm AlF;” and “Si + 20 nm AlF;” electrodes,
respectively. The delithiation capacity of uncoated Si thin film
electrodes (=3290 mAh g™!) is lower compared to those of
“Si + 5 nm AlF;” and “Si + 20 nm AlF;” (=3600 mAh g).
These values correspond to Cgg of 60.5% and 70.6% for the
uncoated and coated Si thin film cells, respectively. The
enhancement of Cgg for the coated Si thin film cells sug-
gests that the SEI formed under the influence of AlF; film is
more effective and leads to better reversibility. Noteworthy, it
remains a question why the first lithiation capacity in every
Si thin film anode case is always higher than the theoretical
capacity of Si (each Si atom is practically only able to uptake
as many as 3.75 Li atoms (Li;sSiy phase) at room tempera-
ture which leads to a capacity of =3579 mAh g7). It has been
reported elsewhere including from the early studies on
Si thin films,?”l however, the origin of the high first lithia-
tion capacity (= poor Cgg) has not been deeply discussed or
is simply justified due to the formation of the SEI on the
surface of Si thin films (e.g., the additional capacity from the
irreversible reduction of salt and solvent molecules during
SEI formation to the practical capacity of Si thin films).
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Figure 4. Electrochemical evaluation of the various Si electrodes in Si || Li metal cells (coin cells, two-electrode configuration). a) First discharge
(= lithiation) voltage profiles at 0.1C. b) First cycle differential capacity (dQ/dV) versus voltage curves at 0.1C. c) Cyclic voltammetry profiles at a scan
rate of 25 UV s7' in a voltage range between 0.05 and 1.5 V and d) First cycle lithiation/delithiation capacities at 0.1C for the different materials. The
error bars represent the standard deviation of at least three cells.
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Further, the impedance characterization supports that
some structural changes have occurred to the AlF; coating,
which facilitates Li* ion transport. Electrochemical impedance
spectroscopy (EIS) measurements were performed on all cells
after 1 formation cycle. The Nyquist plots (Figure S5a,b,
Supporting Information) present a semicircle for all cells.
It is found that the charge transfer resistance is notably
reduced by the AlF; coating. The charge transfer resistance
for uncoated Si, “Si + 5 nm AlF;,” and “Si + 20 nm AlF;” is
339.8, 184.2, and 176.8 Q, respectively, and it does not signifi-
cantly change in each of the (de-)lithiation states. The lower
resistance value of coated Si thin film anodes is an indication
that the AlF; film is going through a formation process where
an insulating AlF; can be activated to become ionically con-
ductive after the lithiation process, as previously reported.!*¥
Thus, the formed interphase helps Li* to diffuse into the Si
thin films and therefore causes a lower charge transfer resist-
ance. The trend of these values is remarkably consistent even
after 100 cycles (Figure S5c,d, Supporting Information). The
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mechanism will be discussed further in the next section with
support from XPS and IC-CD results.

CV profiles shown in Figure S6a—c (Supporting Information)
highlight the current peaks related to SEI formation, kinetics,
and (de-)lithiation processes.®® In the uncoated Si thin film
cells, the difference between the first lithiation peak com-
pared to the second and further cycles is due to SEI formation
(Figure S6a, Supporting Information). For delithiation peaks,
similar characteristics from the first to further cycles were
observed. With the addition of AlF;, a noticeably shifted first
(de-)lithiation peaks were detected (e.g., see the green dotted
lines which show that the delithiation peak of the first cycle at
=0.53 V was different in comparison to the second and further
cycles at =0.50 V as shown Figure S6b,c, Supporting Infor-
mation), suggesting the AlF; influences SEI formation and
kinetics for (de-)lithiation. The CV curves are in good agree-
ment with the EIS profiles.

In Figure 5a—f, the cycling performance over 100 cycles of
uncoated Si thin film, “Si + 5 nm AlF;,” and “Si + 20 nm AlF;”
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Figure 5. Constant current cycling stability profiles of uncoated and coated Si thin film electrodes in Si || Li metal cells. a,d) Specific capacity versus cycle
number profiles. b,e) Normalized specific capacity (based on initial de-lithiation capacity) versus cycle number profiles. ¢,f) Accumulated Coulombic
inefficiency (ACI) profiles. Cells in a—c) were cycled at C/10, while cells in d—f) were cycled at C/2 (1C = 3000 mA g™). Standard deviations from three

cells per sample are included.
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are compared. In Figure 5a, the stability performances at C/10
(1C = 3000 mAh g of all electrodes are seemingly similar. If
one takes a look at the normalized long-term cycling profiles
(based on the first delithiation capacity) shown in Figure 5b, the
reversibility of coated Si thin films (i.e., “Si + 5 nm AlF;” and
“Si+ 20 nm AlF;”) is slightly better than uncoated Si thin films.
A more clear trend can be seen in Figure 5¢ where the ACI of
coated Si thin films is significantly lower than that of coated Si
thin films.

The effect of AlF; coating was then evaluated at a higher cur-
rent rate of C/2. Clearly, the coated Si thin films display a more
stable and higher reversible capacity of =400 mAh g™! after 100
cycles as compared to uncoated Si thin film cells (Figure 5d).
This is equal to =90.2% of capacity retention for the coated
Si thin film cells while only =80.9% for uncoated Si thin film
cells which can be seen from the normalized capacity profiles
in Figure 5e. These trends are in agreement with ACI profiles
shown in Figure 5f, where coated Si thin films show notably
lower value in comparison to uncoated Si thin films. The excel-
lent cycling performance of coated Si thin films can be attrib-
uted to the AlF; coating, resulting in a more effective and stable
SEI that is able to better passivate Si active material during (de-)
lithiation as well as partially shields the electrolyte from the
reactive Li,Si, surface.

2.4. SEl Investigations on Si Thin Film Electrodes by XPS
Analyses

The composition of the SEI has a critical effect on the cycling
stability of Si anodes,?” and XPS is the commonly employed
technique for identifying its chemical composition.3%+4 Tt is
important to note that XPS samples should be handled appro-
priately as it is a surface-sensitive technique.*!! In this study,

(@) E1s

LiPF/Li,PO,F, LiF

Intensity / a.u

694 692 690 688 686 684 682 680

www.advenergymat.de

the cycled electrodes (from the 1st charge/discharge cycle) were
washed using dimethyl carbonate (DMC) before being trans-
ferred to the XPS chamber to avoid potential Li salt interference
during XPS measurements. From now on, the term coated elec-
trodes only correspond to “Si + 20 nm AlF;.” “Si + 5 nm AlF;”
is not discussed here since the electrochemical data shown in
Figure 5a—e is comparable to that of “Si + 20 nm AlIF;” and thus
no significant differences in the SEI composition are expected.

As shown in Figure S7a—f (Supporting Information), the
sputter depth profiling technique is conducted to gain qualita-
tive information about the thickness of the chemical products
on coated and uncoated Si thin films as a function of (de-)
lithiation states. Figure 6a,b and Figure S8a,b (Supporting
Information) depict the XPS spectra and corresponding fits
for F 1s and C 1s spectra for uncoated and AlF;-coated Si thin
films. The measurements were taken during lithiation with
voltage holds at 0.8, 0.2, 0.05 V and during delithiation at 0.2 V.
A more detailed discussion can be found in Note S2 in the Sup-
porting Information.

In general, the LiF (=685 eV) fraction in uncoated Si thin
film electrodes is lower than the fraction of LiPF4/Li,PO,F,
(=687 eV) species in all (de-)lithiation states (Figure 6a; and
Figure S9a, Supporting Information). In contrast, the coated
Si electrodes show a significantly higher fraction of LiF spe-
cies than the fraction of LiPF/Li,PO,F, species in all (de-)
lithiation states (Figure 6b; and Figure S9b, Supporting Infor-
mation). This is attributed to the transformation of AlF; to
LiF and Li—Al—F (=686 eV[*J) compounds. It is reported that
Li—Al—F compounds shall possess excellent Li* ion conduc-
tivity due to the partially occupied Li* ion sites inside.>>¥ The
existence of Li—Al—F help in reducing the energy barriers for
Li* ion insertion and enhance the charge transfer kinetics. A
similar observation was reported by Wang et al.¥] who stated
that the presence of AlF; is beneficial for improving the ionic

(b) -

]
‘_,/\'¥__
[ Lithiation 0.8 V

LPFL,POF, LA S
i min
I 5mins

10 mins
Lithiation 0.2 \

1

[

1

1 1

| 1

i 1

L : Lithiation 0.05 V

De-lithiation 0.2 V

694 692 690 688 686 684 682 680

Binding energy / eV

Figure 6. XPS core spectra of the F Ts: a) uncoated Si, and b) 20 nm AlF;-coated Si thin films. The XPS results prior to cell assembly and after cycling
to different (de-)lithiation states in the first cycle are shown. The cycled samples are held at 0.8, 0.2, 0.05 V (discharge), and 0.2 V (charge). The vertical
dashed lines indicate the characteristic binding energies of the annotated compounds.
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conductivity and the ion transference in the SEI layer. During
lithiation in Si || Li metal cells, AlF; will be able to convert to
LiF as already reported by Cui's group*!

2AlF, +3Li" +3¢” — Li,AlF, + Al E=1.28V vs.Li|Li" (1)

Li;AlF, + Al+3Li" +3e” — 6LiF+2A1l E=1.06V vs.Li|Li"

(2)
3LiF+Al+Li" +e” —3LiIF+LiAl E=0.36V vs.Li|Li" (3)
3LiF + LiAl +0.5Li" +0.5¢” — 3LiF +0.5Li;Al, "

E=0.19V vs. Li | Li*

3LiF +0.5Li;Al, +0.75Li" +0.75e™ — 3LiF +0.25Li,Al, 5
E=0.07V vs. Li| Li' ©)

Based on the calculation above, these five degradation reac-
tions that consume Li* depend on the exact applied poten-
tial. Because Li-containing species (e.g., LiF, Li;AlFg, etc.)
are produced in each step as the byproducts, the relative
atomic concentration of Li species (from Li 1s core spectrum)
of the coated Si is higher than for uncoated Si (Figure S10a,
Supporting Information). The formed phases may have high
intrinsic Li* ion conductivity and may show a porous mor-
phology due to volume change upon phase transformation to
facilitate Li* ion transport across the film. For Al species (from
Al 2p core spectrum), the atomic concentration is very low
(<1 at%) due to the coverage from the inorganic and organic
SEI layer on top of it. The signal is too low to be detected and to
some extent might not be reliable. Therefore, the quantification
on this Al 2p must be interpreted with caution (Figure S10b,
Supporting Information).

To further confirm the formation of Li—Al—F compounds
(e.g., LizAlF), ion chromatography with conductivity detec-
tion (IC-CD) was performed for “Si + 20 nm AlF;” after the 1st
cycle (referred to as “cycled coated Si”) as shown in Figure 7.
For comparison, the uncycled “Si + 20 nm AlF;” after being

5
— —— Cycled coated Si
'E Coated Si + El
o A|F63' Coated Si
n 4 —— AIF*-standard
== 8
e
= 31
R
-—
=
S 27
| =
S
14 = i

20 21 22 23 24 25
Retention Time / min

Figure 7. lon chromatography with conductivity detection (IC-CD) profile
for aluminium hexafluoride anion (AlFg>).
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exposed to the electrolyte (referred to as “coated Si + El”) and
pristine “Si + 20 nm AlF;” (referred to as “coated Si”) were also
measured. By using Na;AlF,, the peak location of the AlFg*-
was able to be detected after =22.2 min of retention time as a
reference. In contrast to the “coated Si” electrode which does
not show the peak of AlF4*", this peak is visible for the “cycled
coated Si” electrode, thus, demonstrating the formation of
Li—Al—F compounds from AlF; which most likely corresponds
to Li3AlFg species. Interestingly, this peak was also found with
comparable intensity in the “uncycled coated Si” demonstrating
that the electrolyte exposure might be already sufficient to
induce the transformation of AlF; to LiAlF even before electro-
chemical cycling. This could mean that the AlF; coating would
stabilize the interface since the very beginning, i.e., even before
electrochemical operation, and act as “artificial SEI”. The slight
shift from the reference was probably due to the higher amount
of AlF¢*. After all, these results are in agreement with the
XPS results to further verify that the generated Li—Al—F com-
pounds might be the major reason for the improved cycling
performance of coated Si thin film anodes.

We thus conclude that the addition of AlF; at the interface
give beneficial effects for an effective SEI formation.*’! The
schematic SEI formation in uncoated Si thin film electrodes
and coated Si thin film electrodes is shown in Figure 8a,b. In
coated Si thin film, the AlF; coating help in stabilizing the
Silelectrolyte interface during cycling. The potential forma-
tion mechanism involves organic species on the top of the SEI
during the lithiation process. At the same time, the transforma-
tion of AlF; to the Li—Al—F phase will produce an abundant
amount of LiF which will inhibit the continuous SEI decom-
position. The organic—inorganic SEI layer combined with the
Li—Al—F thin layer is proposed to be strongly bonded to the
Li,Si, surface, which makes the SEI less suffer from the high
deformation during the alloying reaction. This will then mini-
mize the breakage and/or reformation of the SEI upon cell
operation. Once AlF; is lithiated, it also possesses relatively
high ionic conductivity. Results reported herein open a new
avenue toward the development of functional coatings on Si
thin films, in an effort to improve the SEI properties. In a more
practical cell format (e.g., by using a composite of Si particles
in combination with graphite) with inactive materials involved
(i-e., binder and conductive agent), other factors should be
taken into account, such as the possible change of the specific
surface area, the electronic conductivity, and the homogeniety
of the coating on the surface of Si particles.

3. Conclusion

In this study, thin AlF; coatings were employed on Si thin film
to provide long-term protection at the interface. A comprehen-
sive approach to evaluate the SEI formation under the impact
of AlF; coating was presented by utilizing XPS in different
(de-)lithiation states. 100 nm thick Si thin films were used as
a model electrode. It was shown that with the addition of a
thin layer (5 and 20 nm) of AlF;, the resistance is reduced and
the cycling retention is significantly improved. The chemical
compounds present on the surface of the electrodes during
charge/discharge were semiquantitatively examined where the

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 8. Schematic illustrations of the SEI on a) uncoated Si and b) coated Si electrodes. In coated Si electrodes, the SEI formation mechanism
involves the transformation of AlF; to the Li—Al—F compounds (e.g., LisAlF).

SEI in coated Si thin film contain LiF-rich species. The trans-
formation of AlF; to highly Li* ion conductive Li—Al—F phases
(e.g., Li3AlFg) was confirmed by utilizing IC-CD and is respon-
sible for this enhancement in cycling performance. Further,
this study suggests future directions to improve coating layer
studies on Si anodes in future works, and help pave the way for
developing high energy density LIB cells.
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