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ABSTRACT

Despite their improved safety, high energy density when paired with Li metal anode, all-solid-state
batteries (ASSBs) continue to face significant challenges, notably the interface with the cathode active
material (CAM), which is prone to both physical and (electro-)chemical degradation during cycling,
especially when employing high-Ni CAMs. To address this issue, here, we introduced an organic surface
anchoring strategy to stabilize the CAM surface and CAM-solid electrolyte interface using
trifluoroacetamide (TFAA). A weak acid-base interaction between the CAM and TFAA creates a
passivating layer, incorporating in-situ generated LiF, as a highly competitive alternative to conventional
sol-gel-applied inorganic coating, i.e., LINbO; (LNO). Comparative electrochemical and physico-
chemical characterization of pristine, LNO-coated, and TFAA-coated NMC811 verified the efficiency of
the organic anchoring strategy. Furthermore, we observed significant suppression in the formation of PO,
SO, and P-S,-P species, indicating efficient mitigation of the (electro-)chemical oxidation of LPSCI at

the interface, thus enabling an improved capacity retention of 95% after 100 cycles at 0.1 C.
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Since the discovery of lithium-ion batteries (LIBs) nearly 50 years ago', the development of LIBs as
lightweight, high-energy density energy storage systems has revolutionized a wide range of applications,
ranging from small portable electronics to electric vehicles (EVs).? Although the energy density of LIBs
has gradually advanced over time, the increasing demand for batteries with higher energy densities has
driven the LIB technology close to its theoretical limits. A key advancement to overcome these limitations
is replacing the traditional graphite anode with lithium metal® , which increases the theoretical specific
capacity from 350 to 3860 mAh g-'. However, the low thermodynamic stability of conventional liquid
electrolytes with lithium metal leads to significant parasitic reactions, unstable interface formation, and
dendrite growth *. In this direction, an alternative approach is to replace liquid electrolytes with solid
electrolytes to create all-solid-state lithium metal batteries (ASSLMBs).5® LigPSsCl (LPSCI) stands out
as a promising solid electrolyte (SE) with excellent ionic conductivity (> 1 mS cm™) and favorable
ductility. Despite these advantages, LPSCIl suffers from limited chemical stability and a narrow
electrochemical window (2.1-2.3 V)°, making it prone to degradation during processing and cycling at
both the anode and cathode interfaces!®!> (Figure 1). The degradation of LPSCI at the cathode active
material (CAM) interface leads to the formation of phosphides, polysulfides, sulfates, sulfites, lithium
sulfide, and elemental sulfur. Phosphates, sulfates, and sulfides are all by-products of the oxidation
reaction of SE with the oxygen slowly released during cycling from the high-Ni CAM, , as observed by
Ahaliabadeh et al.'® through X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion
mass spectrometry (TOF-SIMS) measurements of the CAM interface. Furthermore, recent X-ray
absorption spectroscopy (XAS) analysis of CAM interface by Lellote et al. demonstrated that the surface
of the CAM also suffers from detrimental structural degradation, leading to the formation of inactive
reduced transition metals, strongly contributing to the impedance rise.!” Numerous efforts have been made
to enhance the stability of the SE and catholyte by modifying their chemical structures or by incorporating
additives or artificial interfaces.'®: ' However, such modifications are often elaborate and can lead to

reduced ionic conductivity or compromised physical properties. For SE in the cathode, maintaining high



ionic conductivity is crucial, as it improves accessibility to the CAM and reduces the internal resistance
of the cathode.”® An alternative approach involves optimizing the cathode interface between the CAM
and SE by creating an artificial cathode electrolyte interface, CEI. This strategy is advantageous because
it involves coating the CAM particles with only thin layers, protecting the CAM surface, preserving the
bulk conductivity of the electrolyte, and the capacity of the CAM, thereby enhancing cathode
performance. Typical inorganic CAM coatings developed for ASSB are LNO?!, Li-doped ZnO?%,

Li;YCl¢®, boron-based species?*, and many more.

TFAA-treated NMC 811 Pristine NMC 811

® TFAA ® P-S-P

° LiF
3 S
[§] Q
<
9 S
D
-] o
©
3 9
© o
> )
O . W

Figure 1. Schematic representation of organic cathode coating strategy (top) and interfacial degradation
(bottom). On the left side, the TFAA additive partially decomposes into LiF on the surface of NMC, and
upon cycling, forms only small amounts of polysulfides (P-S,-P), oxides (SOy, PO;), and lithium sulfide
(LiS). On the right side, the pristine NMC instantly forms polysulfides. Once cycled, large quantities of

oxides, lithium sulfide, and sulfur are formed.

In this direction, we seek to enhance chemical stability at the cathode interface and within the cathode

itself by introducing a more versatile CEI. This is achieved by employing an organic surface coating (2
4



wt% to NMC 811), trifluoroacetamide (TFAA) that in situ forms a thin, robust CEI, composed of decayed
and actively attached TFAA on the NMC 811’s surface, thus significantly enhancing interfacial stability
and cycling performance. We hypothesized that a weak soft acid would mildly interact with the soft
alkaline surface of the NMC 811, creating a non-destructive coating. Further introducing a fluorinated
group could allow for in situ C-F bond decay and LiF formation, which is an ideal CEI component with
a wide redox stability window and high chemical stability.”> To this end, TFAA emerged as an ideal soft
acid, which is significantly less acidic than carboxylic acids and is readily available. Additionally, the
amide moiety of TFAA also provided efficient anchoring onto the basic surface of NMC811, thereby
enhancing interfacial compatibility. Varying percentages (1,2, 5, and 10 wt%) of TFAA were applied to
the cathode active material NMC 811 by dissolving corresponding amounts of TFAA in N-methyl-2-
pyrrolidone (NMP) and adding NMC 811 into this solution. The solvent was then evaporated, and the
powder dried under vacuum.

A series of analyses was carried out to characterize the coated CAM, including Fourier-
transformed infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and powder X-ray
diffraction (PXRD) (Figure 2, Figures S2-S4). FTIR analysis was carried out on NMC811 coated with 10
wt% of TFAA, as the signal intensity at lower additive amounts was too weak to observe (Figure 2a).
Pristine TFAA showed characteristic N-H stretching vibrations at 3’300 cm™!, corresponding to previously
observed literature values.? These vibrations were significantly suppressed and red-shifted, an indication
of strong hydrogen bonding interactions, once applied to NMC 811 surface. Additionally, the C=0
stretching band is also red-shifted to 1680 cm!, further pointing to the strong interaction between TFAA
and the CAM surface.

The interaction between TFAA and NMC811 was further studied by performing FTIR analysis
on the treated powder at different stages of the heating process (Figure 2b). The attenuation of C-F, C=0,
and N-H stretching vibrations at 1150, 1680, and 3300 cm!, respectively, with increasing temperature

demonstrates clearly the partial decay of TFAA (Figure S4). In particular, the complete disappearance of



the C-F vibration at 100 °C suggests higher reactivity of TFAA on the NMC811 surface (Figure S4d). A
F 1Is core level XPS spectrum was acquired to analyse the surface chemistry after a heat treatment at 160
°C (Figure 2d). The C-F bond of the -CF; moiety of TFAA is observed at 689 eV. Once coated onto the
NMC 811, we observe a second peak at 685 eV, which corresponds to LiF. These results suggest the in-
situ formation of a surface layer through the degradation of surface-adsorbed TFAA, which can
chemically and electrochemically separate the CAM from the LPSCI catholyte, thus effectively mitigating

LPSCI oxidation at the interface.
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Figure 2. Spectral analysis of TFAA-coated NMC 811. a) FTIR spectra showing the difference between
TFAA and NMC 811 powder with 10 wt% TFAA applied to its surface, b) FTIR spectra of 2wt% TFAA-
treated NMC 811 in the region of C=0 and C-F stretching vibrations after different temperature treatments
at 50,75,100, 125,150, 175, and 200 °C, c) PXRD diffractogram of increasing amounts of TFAA applied

to NMC 811, d) Fitted F 1s core level XPS spectrum of 10 wt% TFAA applied to NMC 811.

The formation of LiF is attributed to the degradation of the trifluoromethyl group of surface—adsorbed

TFAA during solvent at 160 °C. While LiF has a low Li-ion conductivity (6.0 #S cm™)?, it serves as a
6



highly effective interfacial layer owing to its high chemical stability and electrochemical window.”® To
probe the effect of TFAA on the crystallinity of NMC 811 particles, XRD analysis was performed (Figure
2¢). The resulting spectrum of TFAA-coated NMC 811 overlays almost perfectly with the pristine one.
This result suggests no significant change in the bulk crystallinity of NMC 811. Further, scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM/EDX) analysis was performed on pristine
and 10 wt% TFAA-coated NMC 811 particles (Figure S3). There was no discernible difference between
the pristine and coated CAMs (2 and 10 wt% TFAA), further suggesting little to no change in the
morphology of NMC 811 particles after the coating process. A detailed view of the NMC particle surface
was obtained using scanning transmission electron microscopy coupled with electron energy loss
spectroscopy (STEM-EELS) of both the TFAA-treated and untreated NMC 811 particles (Figure 3b and
a). The elemental mapping reveals clear differences between the bare and TFAA-coated NMC811
particles. Both particles feature a homogeneous dispersion of Co and Mn across the particle surface. The
untreated NMC particles, however, lack any F k-edge signal throughout the particle, while the TFAA-
treated particles have a clearly localised F K-edge signal on the outermost nanometres, overlapping
partially with the transition-metal distribution (Figure 3b). This result proves the homogeneous surface
application of a fluorinated layer onto the NMC particles. The attenuation of the transition-metal Mn L2 3.
edge intensities near the surface further supports the presence of a coating that passivates the underlying

oxide.
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Figure 3. STEM—-EELS elemental mapping and HRTEM of bare and TFAA-coated NMCS811. a) and b)
STEM-HAADF images and corresponding elemental maps for bare NMC811 (a) and TFAA-coated
NMCS811 (b). Uniform distributions of Ni, Mn, and Co across the particle surface are observed for both
particles (pink, green and blue, respectively). Untreated NMC 811 (b) shows no discernible F signal (red),
where the TFAA-coated NMC 811 displays a pronounced F K-edge signal concentrated near the surface,
partially overlapping with the transition-metal signal, c¢) and d) HRTEM images of the NMC particle
surfaces, untreated (c) and TFAA-treated (d). The TFAA-treated NMC particle exhibits a clear, thin

interlayer on its surface.

High-resolution TEM (HRTEM) images further prove the amorphous nature of this 2-3 nm thick layer
(Figure 3d), whereas the untreated NMC has well-defined edges (Figure 3c). The fine structure of the

localised F K-edge signal in the EELS spectra and line scans (Figure S5) further suggests the presence of



metal-fluoride-like bonding. Li-F formation was not directly observed as the Li K-edge (55 eV) was not
analysed due to significant overlap with the transition-metal M edges and the strong zero-loss tail,
precluding reliable quantification. The formation of LiF was, however, further supported by the TOF-
SIMS measurements performed on a cycled 2wt% TFA A-treated cathode (Figure S6). The depth profiling
of the cathode clearly showed localised fluoride fragments at the surface of the cathode particles (Figure
S6g), with the majority of these fragments being Li*, Li»*, Li>F", Li>Cl*, F-, LiF2", and CF3™ as seen in the

MS-spectra of the surface of a treated-NMC particle (Figure S6h-i).

Demonstrating the uniform coating across the NMC particle surface using STEM-EELS, the effect of the
organic coating on the electrochemical performance was studied in the charge/discharge profiles using
cyclic voltammetry (Figure 4a and 4b) with a lithium-indium-anode (30 : 70 at%) and 150 ym LPSCI
separator in the voltage range of 1.88 and 3.68 V vs InLi/Li* at 150 MPa. 2 wt% of TFAA to NMC 811
was used for all experiments based on the EIS measurements before and after 10 cycles at 0.1 C, as it
showed the lowest cathode resistance (Figure S7). The cathodes for all tests consisted of a 70 : 29 : 1 wt%
mixture of NMC 811(+2 wt% TFAA) : LPSCI : C65. Cyclic voltammetry (CV) was performed on the
cells at an applied pressure of 150 MPa. After each cycle, a potentiostatic impedance spectrum
measurement (PEIS) was performed and is displayed below the corresponding CV graph (Figures 4c and
4d). For each cell, the 1%, 5%, 10™, 15%, 20%, and 25 cycles were displayed (in CV and EIS) in increasingly
darker hues. The CV profile of the pristine cell (Figure 4a) changes drastically from the 1% to the 25®
cycle, as evidenced by a significant decrease in peak intensity accompanied by a gradual shift in the peak
positions. This is mainly attributed to CEI formation and interfacial reactions. Critically, the intensity
change observed for pristine cathodes (Figure 4a) from the first to 25" cycle is more significant than for
the 2 wt% TFAA-coated cathode (Figure 4b), which undergoes most of the changes during the first 5
cycles and stabilizes afterwards. The difference here is the rapid formation of CEI upon the application
of TFAA, compared to the uncontrolled growth of CEI on pristine NMC 811, which continues to grow

and thicken while reducing available capacity and increasing the cathode’s inherent impedance (Figure

9



4c). In the CV profile, this increasingly thick CEI is evidenced by a shift in the HI >M peak in Figure 4a
from 3.1 V in the first cycle to 3.4 V in the 25" cycle.!s-? Further studying the CV profiles after 10 to 25
cycles reveals that the TFAA additive retains more of the pristine charging structure, with characteristic

peaks at 3.0, 3.1, 3.4, and 3.6 V (Figure 4b). This result further suggests a thin insulating CEI with little

to no shifts to higher voltage present, proving the formation of a robust cathode interface.
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Figure 4. CV and EIS spectra of the first 25 cycles performed on Liln — LPSCI — NMC-based cathodes
with different NMC surface coatings. CV and Nyquist plots of (a, d) the untreated NMC 811, (b, e) the
LNO-coated NMC 811, and (c, e) the 2wt% TFAA-treated NMC 811. For each cell, the cycles 1, 5, 10,
15, 20, and 25 are shown. The corresponding DRT spectra and circuit model, as well as the resistance

growth by cycle, are shown in Figure S8.

To further understand the effect of TFAA coating on the NMC 811, PEIS analysis was performed during

each cycle (charged state) and plotted for every 5" cycle (Figure 4c and 4d), showing a significant increase
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in cathode resistance with increasing cycles for the pristine sample. The assignment of Rcar and other
resistances was confirmed using DRT calculations and modelling the expected circuit onto the obtained
data (Figure S8). This trend clearly shows a growth in Rcar while Rgg and others remain stable (Figure
S8c). It should also be noted that while Rcar increases for all cells, the most significant increase observed
in the untreated cells surpasses that of the 2wt% coated cathode. This increase in resistance and difference
between the coated and non-coated is most obvious when studying the initial impedance recorded after
the first charging step, which is much larger for the pristine cell (Figure 4c) compared to the TFAA-coated
one (Figure 4d). In comparison, the LNO-coated NMC 811 exhibits a lower initial resistance; however,
the progressive increase (Figure S8d) indicates that its resistance continues to grow without stabilization,
unlike the TFAA-treated sample. This suggests that although the inherently conductive LNO layer (5-10
nm) facilitates a low initial interfacial resistance, the continued formation of the CEI and associated
parasitic by-products ultimately hinder the cathode’s long-term electrochemical performance. To
understand the influence of the coating on the deintercalation kinetics, GITT measurements were carried
out for untreated, LNO-coated, and 2wt% TFAA-treated NMC 811-based half-cells (Figure S9). These
measurements showed similar diffusion coefficients across the entire charge and discharge cycles (5.5 -
7.5 cm?/s). This suggests that during the first cycle the TFAA-LiF-CEI does not interfere with the cathodes

Li*-ions diffusion into the NMC 811 particles.

11



Intensity [CPS]

Intensity [CPS]

Intensity [CPS]

Intensity [CPS]

P 2p X-Ray Photoelectron Spectra

Uncycled untreated

Uncycled LNO-coated

Uncycled TFAA-coated

b

140 136 132
10 cycles untreated

120 136 132
10 cycles LNO-coated

T L
10 cycles TFAA-coated

3,
2,000 PS

-1,000  P-S -P

f
-3,000

PS,*
2,000

1,000 P-Sn-P

s
Binding energy [eV]

S 2p X-Ray Photoelectron Spectra

Uncycled LNO-coated

Uncycled TFAA-coated

172 168 164 160
10 cycles untreated

172 168 164 160
10 cycles LNO-coated

172 168 164 160
10 cycles TFAA-coated

172 16

164 160

172 168 164 160
Binding energy [eV]

12

172 168 164 160

Figure 5. The deconvoluted P2p and S2p XPS spectra of the cathodes pre- and post-cycling (10 cycles).
Grey shaded figures show the pristine, orange the 1 wt% LNO-coated, and purple the TFAA-coated NMC
811 cathodes. a—c) and g—i) show spectra of uncycled cells, while d—f) and j—I) show the same cells after

10 cycles at C/10. The arial proportions of the specific species are listed Table S1.



Considering the offset of the impedance spectra, we see that it remains the same for all cells at all
cycles. This suggests no changes to the bulk electrolyte, allowing us to focus on the differences
between the cathodes. The increase in impedance for the pristine cells is most noticeable within
the first 5 cycles. There are, however, still significant impedance increases in the subsequent cycles
and no apparent stagnation of this trend for the pristine cell. In the case of the TFAA-coated cell,
we observe a drastically smaller increase, clearly pointing to the formation of an improved and
more stable CEI. To understand the origin of differences in EIS and CV profiles for different
electrolytes and the corresponding evolution of species during cycling, XPS measurements of the
cells were performed before and after 10 cycles at C/10 (Figures S10-S15). Their relative
proportions are listed in Table S1. In the analysis of the deconvoluted P 2p spectra of the LPSCI
catholyte before (Figure 5a—c) and after cycling (Figure 5d—f), we can observe an immediate
reaction between NMC 811 and LPSCI after mixing, except for the TFAA-coated CAM. This is
apparent due to the formation of a new species, the polysulfide phase, not present for uncycled
TFAA-coated NMC. This phase is destructive to the cathode performance, as it has a low ionic
conductivity (1 — 100 nS/cm)'”-*°_ and due to the high voltage operating window (1.88 to 3.68 V
vs Liln), it does not add to the reversible Li*-storage capacity?!. As discussed above, this phase is
only observed for the pristine and LNO-coated CAMs and not for the TFAA-coated ones. Once
cycled, we observe additional significant formation of Li;PO, (grey), an oxidation product of
LPSCI from the released oxygen from NMC 811 (6 and 14 mol% of PO,* for pristine and LNO-
coated NMC). These species have a significantly lower ionic conductivity (0.04 xS cm™)*? than
pristine LPSC1 (2.88 mS cm™) (Figure S1). Notably, they are far less present within the TFAA-
coated CAM (5 mol%), suggesting suppressed side reactions between the NMC 811 and LPSCI

catholyte. The same trend of reduced LPSCI decay is observed for the polysulfide species (P—S,—
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P, orange), which are also less present in the cycled TFAA-coated CAM compared to the pristine
and LNO-coated ones. Further studying the interface, S 2p spectra were also analyzed (Figure 4g—
1). Analogous to the P 2p spectra (Figure 5a—c), we observe a decay before cycling the cells (Figure
S5g—1) for LNO- (28 mol% byproducts) and pristine cells (21 mol% byproducts), but no decay for
the TFAA-coated ones (0 mol% byproducts). We observed the formation of small amounts of
lithium sulfide (Li,S, green). This is the only species found in higher concentration within the
TFAA-coated cell (4 mol%) than in the pristine (0 mol%) or LNO-coated cells (1 mol%). along
with new species that have also been observed previously.”” Among these species, we observe
SO,* (beige) and SO;* (grey), which are again the byproducts of oxygen released by NMC 811.
These species greatly impede the function of the cathode as they not only have a low ionic
conductivity but also a low electrical conductivity. This decreases the contact within the cathode
to a large amount of the CAM and results in a significant capacity loss. These species are
considerably greater for pristine and LNO-coated cathodes compared to the TFAA-coated one,
which clearly shows lower amounts of these species. Finally, there are also high amounts of
elemental sulfur (S, red) formed, which, while it is also of interest for Li*-storage, does not reach
the necessary low potential (below 1.5 V vs Liln) in these cells for its utilization. Our results show
no elemental sulfur within the TFAA-coated cathode, in good agreement with the low impedance
increase observed for these cathodes in the EIS measurements (Figure 4). The pristine and LNO-

coated cells show high levels of elemental sulfur.

To demonstrate the impact of the TFAA coating on the cycling behaviour, we compared the
cycling performance of the pristine and TFAA-coated NMC 811 at C/10 between 1.88 and 3.68 V
at 150 MPa of pressure (Figure 6). The cycling data shows a stable cycling behaviour with 2 wt%

of TFAA on NMC 811, especially when compared to the pristine cell, which continues to lose

14



capacity after the 25 initial CV cycles. This result supports our hypothesis of a stable CEI
formation after applying. We can observe that the capacity only mildly fades from cycle 1 to cycle
100 as shown in Figure 6b and 6¢, where the 2 wt% TFAA-coated cell proves significantly more
stable with high capacity retention of 95% after 100 cycles as opposed to 78% capacity retention
for the pristine one (Figure 6¢), thus clearly demonstrating the potential of the organic coating
strategy to stabilize the cathode-solid electrolyte interface in ASSBs. Beyond this, the soft short
observed for the pristine cathode at cycle 60 demonstrates the chemical lability of the untreated

system (see Figure 6¢). The strategy proves to be more effective compared to the
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Figure 6. Cycling of the full cells after CV (from Figure 4). a) and ¢) Voltage over capacity plot
for the cycles 1, 10, 20, 40, 60, 80, and 100 on the full cells with pristine NCM 811 and TFAA-
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treated NMC 811, along with b) and d) Voltage over time profile with cut-outs at 0, 500, and 1000
h.

previously reported approaches in LIBs*, which involved a prefabricated LiF layer. This is most
likely due to the thick or non-uniform nature of such applications of artificial CEIs onto small
particles. As we form the LiF layer in-situ and with only a small amount of organic molecules
coated onto the cathode surface, we can circumvent these issues. Other examples achieved a
similarly stable long-term capacity with other agyrodite-based electrolyte and catholytes, but with
a large initial loss of capacity within the formation cycles.?* Once again, the low additive amount
of 2 wt% allows for stable cycling, demonstrating the potential of the organic coating strategy? to

stabilize the interface between LPSCI and high-voltage cathodes.

In conclusion, this work demonstrates that TFAA surface treatment of NMC 811 cathodes results
in a uniformly dispersed 2-3 nm thick TFAA-LiF layer on the NMC particles upon thermal
treatment to 100 °C. This CEI significantly enhances interfacial stability in solid-state lithium
metal batteries, effectively suppressing LPSCI electrolyte decomposition. The cells based on
organic-coated NMC 811 show lower impedance and improved cycling stability when compared
to untreated NMC 811 cathodes. These findings offer a facile strategy for mitigating chemical
degradation at the cathode—electrolyte interface and underline the effectiveness of the organic
coating strategy, supporting the development of more durable and commercially viable solid-state

battery systems.

ASSOCIATED CONTENT

The supporting information is available free of charge at

Supporting Information: Experimental details, EIS, XPS, and SEM images.
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