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ABSTRACT

Halide-based solid-state batteries (SSBs) promise high energy density and inherent safety but are constrained by sluggish Li*
transport and interfacial instabilities in composite cathodes. Filling voids with fluid organic could provide a compliant interface
contact. Yet, halide SSEs are highly reactive with organics. Here, we systematically assess the chemical compatibility of functional
organic molecules with halide SSEs and identify perfluoropolyether (PFE) as an exceptionally stable functional organic toward the
cost-effective halide SSEs Li, ;sZrCl, ;50,5 (LZCO). Owing to its low volatility, high wettability, and intrinsic nonflammability, PFE
isreadily integrated into composite cathodes via dry-electrode processing without compromising the safety of SSBs. During cycling,
PFE scavenges deintercalated Li* and forms an in situ fluoropolyether-LiF hybrid cathode electrolyte interphase (CEI). This
conformal CEI converts discrete point contacts between LiNi,4,Co,,,Mn, ,O, (Ni82) and LZCO into continuous areal contacts.
Rapid Li* transport through the highly conductive CEI reactivates the previously isolated Ni82 particles. Concurrently, the robust
CEI suppresses parasitic reactions including electrolyte oxidation, O, evolution, rock-salt phase formation, Li/Ni mixing, and
particle cracking of Ni82. Cathodes containing PFE deliver 206 mAh g=! at 0.1C and exhibit 83% capacity retention after 1500
cycles at 0.5C. Pouch-cell validation underscores the scalability of PFE for commercially viable SSBs.

1 | Introduction high room-temperature Li* conductivities support excellent elec-

trochemical performance in batteries [3, 4]. In practice, relative

Solid-state batteries (SSBs) have drawn intense interest from
academia and industry for their high energy density and inherent
safety [1, 2]. Among solid-state electrolytes (SSEs), sulfide and
halide chemistries are especially attractive: their relatively low
Young’s moduli permit densification by cold pressing, and their
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to sulfide SSEs, halide SSEs typically exhibit higher oxidative
stability and wider safety margins, making them attractive for use
in composite cathodes [5-7]. Among halide SSES, Li; ;sZrCl, 50 5
(LZCO) has demonstrated advantages in room-temperature ionic
conductivity, compressibility, and cost-effectiveness, which are
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considered prerequisites for the prospective commercialization of
SSBs [8-10].

Despite these advantages, the practical deployment of halide
SSEs in composite cathodes remains constrained by cathode-
electrolyte interfacial incompatibility [11, 12]. The dominant chal-
lenges include: (i) substantial interfacial resistance resulting from
rigid, nonconformal contact between SSEs and cathode materials
[13]; (ii) mechanical degradation of ion conduction pathways
due to anisotropic volumetric expansion and contraction of
cathode particles during cycling [14, 15]; and (iii) electrochemical
and chemical instability at the interphase between SSEs and
cathode materials, leading to a progressive increase in interfacial
impedance [16, 17].

To facilitate ionic transport within composite electrodes and
improve interfacial stability, two primary strategies have been
pursued: material innovation and structural engineering. Cath-
ode surface coatings (e.g., LiNbO;) have proven effective in
suppressing parasitic reactions at cathode-halide SSEs interfaces
[18]. In parallel, doping strategies, such as the incorporation
of F or Ta into Li;InClg, have expanded the electrochemical
stability window from 4.20 to 5.13 V while preserving a low Li*-
migration barrier [19, 20]. Furthermore, structural optimization
of composite cathodes through a cathode-homogenization strat-
egy and particle-size tailoring has strengthened the ion-transport
network in composite cathodes, thereby yielding improvements
in electrochemical performance [21, 22].

In sulfide systems, organic-molecule-mediated interfacial regu-
lation has proven effective for enhancing solid-solid contact [23,
24]. In sharp contrast, halide SSEs, particularly Zr-based halides
such as LZCO, are markedly sensitive to organic solvents, and
a systematic assessment of solvent-halide compatibility remains
lacking [25]. This paucity of systematic studies hampers pro-
cessability and constrains interfacial design in halide-based com-
posite cathodes. Accordingly, establishing solvent-compatibility
criteria and identifying halide-tolerant organic solvents are
essential to advancing halide SSBs.

In this study, we propose an innovative interfacial strategy
that employs functional organic molecules as cathode elec-
trolyte interphase (CEI)-forming additives and systematically
assess their chemical compatibility with LZCO. On the basis
of failure-mechanism screening, we identify perfluoropolyether
(PFE), a highly fluorinated liquid, as a uniquely stable CEI-
forming additive for halide SSEs. Owing to its low volatility,
high wettability, and intrinsic nonflammability, PFE is readily
incorporated into composite cathodes via dry-electrode process-
ing without compromising the inherent safety of SSBs. During
cycling, PFE reacts with deintercalated Li* to form an organic-
inorganic hybrid cathode electrolyte interphase (CEI) composed
of fluoropolyether species and LiF. Benefiting from its high Li*
conductivity and conformal coverage, the PFE-derived CEI con-
verts localized point contacts into CEI-mediated areal contacts
at the LZCO-LiNi,g,Coy1,Mn,,0, (Ni82) interphase, thereby
improving interfacial Li* transport and reducing the fraction
of previously electrochemically inactive Ni82. The chemically
robust CEI concurrently suppresses parasitic reactions, including
SSEs oxidation, O, evolution, rock-salt phase reconstruction,
and Li/Ni mixing. Consequently, PFE-containing composite

cathodes deliver high specific capacity, excellent rate capability,
and durable cycling stability. Moreover, pouch-cell validation
underscores the practical feasibility of PFE for commercially
relevant SSBs applications.

2 | Results and Discussion

2.1 | Capability of the PFE Additive in
Halide-Based Composite Cathodes

In view of the scarcity of prior studies on CEI-forming addi-
tives for halide-based composite cathodes, this work establishes
design criteria for such additives, informed by the intrin-
sic properties of halide SSEs and the requirements for elec-
trode fabrication: (i) chemical compatibility with halide SSEs;
(ii) uniform dispersion within composite cathodes; (iii) ability to
form a robust, stable CEI; and (iv) preservation of the inherent
safety of composite cathodes. In conventional LIBs, widely used
salt-type CEI-forming additives (e.g., lithium difluorophosphate
(LiPF,0,), lithium difluoro(oxalato)borate (LiDFOB)) [26, 27]
are readily soluble in liquid electrolytes with aprotic solvents
but exhibit poor solubility in low-polarity solvents (e.g., toluene,
xylene) that are typically used in slurry-based (wet-electrode)
processing of composite cathodes [28-30]. When added directly
as solid particulates to composite cathodes, these additives form
rigid, nonconformal contact with cathode surfaces, hindering
the realization of their interfacial functionality. By contrast,
liquid CEl-forming additives can be uniformly delivered via
dry-electrode processing and can readily wet cathode surfaces.
Accordingly, representative liquid CEI-forming additives were
selected in this work, and their chemical compatibility with the
LZCO was systematically investigated.

As shown in Figures S1-S6, immersion of LZCO in commonly
used CEI-forming additives, including fluoroethylene carbonate
(FEC) [31], triallyl phosphate (TAP) [32], tris(trimethylsilyl)
phosphate (TMSP) [33], tris(trimethylsilyl) phosphite (TMSPi)
[34], trimethyl borate (TMB) [35], and ethylene sulfite (ES) [36],
leads to structural degradation and a marked decrease in its
ionic conductivity. This degradation arises from nucleophilic
attack by Lewis-basic oxygen (O) atoms in these additives at
the strongly Lewis-acidic zirconium (Zr) centers in LZCO |3,
25]. By contrast, LZCO immersed in 2,2,2-trifluoroethyl 1,1,2,2-
tetrafluoroethyl ether (TTE) or 1,1,2,2-tetrafluoroethyl-2,2,3,3-
tetrafluoropropylether (HFE) retains its crystallinity and high
ionic conductivity (Figures S7 and S8) [37, 38]. This chemical
stability is attributed to the strong electron-withdrawing effect
of fluorinated substituents in TTE and HFE, which lowers
the nucleophilicity of the O atoms and thereby suppresses the
Lewis acid-base reactions with LZCO [39]. Nevertheless, these
fluorinated small-molecule solvents are highly volatile [40],
making it difficult to precisely control additive loading and
ensure uniform distribution within composite cathodes during
dry-electrode processing.

Employing liquid PFE offers an effective strategy to mitigate the
volatility of low-molecular-weight fluorinated ethers (Figure 1a).
Like TTE and HFE, PFE contains abundant C—F bonds, which
can promote the formation of an F-rich CEI, thereby making
PFE a promising CEI-forming additive [41, 42]. Furthermore,
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FIGURE 1 | (a)schematic of the molecular structure and physicochemical properties of PFE; (b) XRD patterns of LZCO before and after immersion
in PFE; (c) EIS spectra and corresponding ionic conductivities of LZCO before and after immersion in PFE; (d) FTIR spectra of pristine PFE and PFE
after immersion; (e) weight retention of PFE, TTE, and HFE after 1 and 2 h of uncovered exposure at 70°C; (f) ignition tests comparing a liquid electrolyte
(12 wt.% LiPFg + 25 wt.% ethylene carbonate + 63 wt.% diethyl carbonate) with PFE.

X-ray diffraction (XRD) patterns and electrochemical impedance
spectroscopy (EIS) spectra of LZCO before and after immersion
in PFE reveal no detectable structural change and only a
slight decrease in ionic conductivity of LZCO (Figure 1b,c).
Moreover, the Fourier transform infrared (FTIR) spectra
of PFE after immersion and pristine PFE are essentially
identical, indicating preservation of its molecular structure
(Figure 1d).

The volatility of PFE was further evaluated at a representative
roll-pressing temperature (70°C) commonly used during dry-
electrode processing and was benchmarked against those of
TTE and HFE [43, 44]. As shown in Figure le, approximately
94 wt.% of PFE remained after 2 h of uncovered exposure at
70°C, in stark contrast to TTE (28 wt.%) and HFE (11 wt.%),
thereby confirming the substantially lower volatility of PFE.
Moreover, despite its high molecular weight, PFE still exhibits
lower surface tension (1.24 mN m™) and a lower contact angle
(6.24°) than those of a representative electrolyte for conven-
tional LIBs (1.38 mN m™, 8.92°; Table S1), thereby promoting
excellent wettability and enabling uniform dispersion within
composite cathodes during dry-electrode processing. Addition-
ally, owing to its extensive fluorination, PFE is intrinsically
nonflammable (Figure 1f), helping to preserve the inherent
safety of SSBs when used as an additive. Taken together,
PFE’s chemical stability toward halide SSEs, low volatility,
excellent wettability, and intrinsic nonflammability highlight its
potential as a CEI-forming additive for halide-based composite
cathodes.

2.2 | Enhancing the Electrochemical Performance
of Composite Cathodes with PFE

Herein, Ni82 was employed as the cathode active material.
Composite cathodes were prepared by uniformly mixing Ni82,
LZCO, PFE, and vapor-grown carbon fibers (VGCF) by grinding,
followed by pellet pressing. Half-cells were assembled with a Li-In
alloy as both the counter and reference electrodes to evaluate the
electrochemical performance of the composite cathodes (Figure
S9). Hereafter, the composite cathode without PFE is denoted
NCM, and that containing 5 wt.% PFE is denoted NCM@PFE.
During the initial charge-discharge cycle at 0.1C (1C = 200 mA
g™1), NCM@PFE delivered a specific capacity of 206 mAh g!
(based on the mass of Ni82), exceeding that of NCM (186 mAh
g7!) under identical conditions (Figure 2a). Even at an ultra-low
rate of 0.02C, the specific capacity of NCM@PFE (210 mAh g!)
remained markedly higher than that of NCM (193 mAh g™),
suggesting that incorporating PFE reduces the electrochemically
inactive fraction of Ni82 [45]. In addition to its higher capacity,
NCM@PFE exhibited enhanced rate capability relative to NCM.
At0.2C, 0.5C, and 1C, the capacity retentions of NCM@PFE were
98%, 88%, and 76%, respectively, exceeding those of NCM at the
corresponding rates (Figure 2b; Figure S10).

Besides, NCM@PFE exhibited improved cycling stability, retain-
ing 83% of its initial capacity after 1500 cycles at 0.5C, significantly
higher than NCM (36%). The capacity fade during cycling
can be attributed to two primary factors: (i) the progressive
accumulation of electrochemically inactive Ni82, arising from
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FIGURE 2 | (a)charge-discharge curves of NCM and NCM@PFE at 0.1C and 0.02C; (b) rate performance of NCM and NCM@PFE; (c) cycling

stability of NCM and NCM@PFE at 0.5C; (d) discharge capacities versus cycle number, assessed by a single 0.02C diagnostic cycle after every 100 cycles
at 0.5C; (e,f) DRT spectra obtained from EIS for (¢) NCM and (f) NCM@PFE at selected cycle counts.

mechanical loss of contact at the Ni82-LZCO interface and from
structural distortions of Ni82; (ii) increased charge-discharge
polarization, which hinders part of the active Ni82 from par-
ticipating in redox reactions under identical C-rates and cutoff
voltages [46]. To decouple the relative contributions of inactive
Ni82 accumulation and polarization growth to capacity fade
during cycling, diagnostic charge-discharge tests at 0.02C were
performed after selected cycle counts [47]. As shown in Figure 2d
and Figure S11, after 100 and 200 cycles at 0.5C, the capacity
retention of NCM decreased to 93.4% and 79.3%, respectively.
When subsequently measured at 0.02C to minimize the effect
of polarization on the capacity, the corresponding capacities
recovered to 99.0% and 95.4% of the initial 0.02C capacity, respec-
tively. In contrast, after 200 cycles, NCM@PFE retained 91.9% at
0.5C, while its capacity at 0.02C recovered to 100%, indicating
negligible accumulation of electrochemically inactive Ni82. These
results indicate that polarization growth dominates capacity
fade at 0.5C and that PFE mitigates both polarization growth
and the accumulation of electrochemically inactive Ni82 during
cycling.

Furthermore, EIS (Figure S12), together with the corresponding
distribution of relaxation times (DRT) analysis (Figure 2e,f),
were employed to elucidate the impedance evolution in the
composite cathodes during cycling. On the basis of the distinct
relaxation times (7) of individual electrochemical processes,
three characteristic regions were unambiguously resolved in
the DRT spectra from NCM and NCM@PFE, corresponding
to the interfacial resistance (Rcgysp;), charge-transfer resistance
(R.), and diffusion resistance (Rp), with R, and Ry providing
the dominant contributions [48, 49]. Notably, at the first cycle,

NCM@PFE exhibited lower R, and R, than NCM, consistent
with its enhanced rate capability. Furthermore, after 100 and
200 cycles, the increases in R, and R, for NCM@PFE were
substantially suppressed compared with NCM, indicating that
the incorporation of PFE effectively limits impedance growth
and the corresponding charge-discharge polarization during
cycling.

Under a more practical constant current (CC)-constant voltage
(CV) charging mode (CC to 4.3 V at 0.5C, followed by CV
at 4.3 V until the current decreased to 0.02C), NCM@PFE
delivered a substantially higher capacity retention of 82% after
500 cycles, compared with only 40% for NCM under the same
conditions (Figure S13). Notably, during cycling, the contribu-
tion of the CV step to the total charge gradually increased
for both NCM and NCM@PFE, consistent with impedance
growth. However, after 500 cycles, the CV contribution for
NCM@PFE (42%) remained substantially lower than that of
NCM (69%), further supporting the conclusion that the incor-
poration of PFE effectively suppresses impedance growth dur-
ing cycling. Additionally, composite cathodes containing 2.5,
7.5, and 10 wt.% PFE also exhibited improvements in spe-
cific capacity and cycling stability, with 5 wt.% PFE delivering
the optimal electrochemical performance among the compo-
sitions tested (Figure S14). Overall, the incorporation of PFE
into composite cathodes not only reduces impedance and
the fraction of electrochemically inactive Ni82 but also sup-
presses their subsequent growth during cycling. Consequently,
NCM@PFE exhibits higher specific capacity, superior rate capa-
bility, and markedly enhanced cycling stability compared with
NCM.
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2.3 | Mechanisms for Enhanced Performance of
NCM@PFE

By analogy with the CEI-forming additives TTE and HFE, PFE
is hypothesized to improve the electrochemical performance
of composite cathodes via a similar CEI-forming mechanism.
To evaluate this hypothesis, X-ray photoelectron spectroscopy
(XPS) was performed on composite cathodes at selected charge-
discharge states after sequential washing in dimethyl carbonate
(DMC) followed by pivalonitrile. Because DMC both decomposes
and dissolves a substantial fraction of LZCO (Figure S15), while

pivalonitrile dissolves PFE, this cleaning protocol affords more
complete exposure of the Ni82 surface. As shown in Figure 3a
and Figure S16, no F 1s signal was detected in the spectra of
either once-cycled NCM or uncycled NCM@PFE. By contrast,
once-cycled NCM@PFE exhibited distinct C-F and LiF peaks
in the F 1s region [50], consistent with the formation of a
CEI comprising fluorinated organic species and LiF. Moreover,
compared with NCM, the O 1s spectrum of NCM@PFE exhibited
a pronounced increase in the C-O contribution, accompanied
by marked decreases in the C=0 and O—M (M = metal) peaks
(Figure 3b) [51], consistent with an organic CEI enriched in
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high-molecular-weight, insoluble fluoropolyether species formed
during cycling.

High-resolution transmission electron microscopy (HRTEM) of
the washed Ni82 particles revealed the formation of a PFE-
derived CEI (Figure 3c,d). After the first charge-discharge cycle,
Ni82 particles in NCM@PFE are uniformly coated with a ~6-
nm-thick CEI, whereas no comparable coating was observed
on Ni82 particles in NCM. HRTEM further shows that the CEI
is composed primarily of amorphous fluoropolyether species,
within which LiF nanocrystals are randomly dispersed. Taken
together, these observations indicate that PFE promotes the
formation of a fluoropolyether-LiF hybrid CEI layer on Ni82
surfaces.

To further elucidate the formation mechanism of the PFE-derived
CEI, we performed XPS on the electrode surfaces subjected to
various electrochemical or chemical treatments. Because the

positions of the C-F and other characteristic peaks of the flu-
oropolyether species in the CEI overlap with those of PFE in
the XPS spectra (Figure S17), CEI formation is assessed by the
presence or absence of the LiF peak. Following linear sweep
voltammetry (LSV, Figure S18a) to 4.3V, a distinct LiF component
was detected in the F 1s spectrum of NCM@PFE, confirming CEI
formation (Figure 3e). By contrast, for the Ni82-free LZCO@PFE
electrode (LZCO:VGCF:PFE = 70:30:5), LSV to 4.3 V yielded
no detectable LiF component in the F 1s spectrum (Figure 3e).
Consistent with the XPS results, the LSV curve of the LZCO@PFE
electrode showed no additional anodic peak compared with the
LZCO electrode (LZCO:VGCF = 70:30) (Figure S18b). Moreover,
after a fully charged NCM composite cathode was immersed in
PFE and subsequently discharged to 2.7 V via LSV, a LiF peak
was also detected in the F 1s spectrum (Figure 3f). By contrast,
simply mixing a fully charged NCM cathode with PFE yielded no
detectable LiF peak in the F 1s spectrum (Figure 3f). Additionally,
when Ni82 in the composite cathode was replaced with LiFePO,
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and LiNi, sMn, ;0,, PFE-derived CEI formation was observed in
all cases following LSV to the fully charged state (Figures S19
and S20).

Taken together, these results indicate that neither chemical
oxidation by fully charged Ni82 nor electrochemical oxidation
alone is sufficient to initiate CEI formation. CEI formation occurs
only when both charging and discharging are carried out in
composite cathodes, regardless of the cathode active material.
Given the abundant interfacial Li* flux during both oxidation
and reduction, we propose that the PFE-derived CEI is initiated
by an interfacial reaction between deintercalated Li* and PFE.
By contrast, the negligible current observed during LSV of the
LZCO@PFE electrode (Figure S18) indicates that the interfacial
Li* flux available for reaction with PFE is negligible, thereby
precluding interfacial LiF formation.

Density functional theory (DFT) calculations corroborate the
formation mechanism of the PFE-derived CEI. As shown in
Figure 3g and Figure S21, Li* coordination at all F sites on
model PFE fragments was systematically sampled, and the Gibbs
free energies (4G) of the resulting structures were computed for
thermodynamic analysis. The results show that coordination of
Li* to F atoms in PFE facilitates the minimization of system
energy, indicating that Li* tends to bind to F atoms in PFE.
Furthermore, LiF elimination from these Li*-coordinated PFE
fragments, followed by coupling of two defluorinated PFE frag-
ments, proceeds with an overall negative AG, demonstrating an
energetically favorable pathway to form LiF and fluoropolyether.

To further validate this conclusion, we introduced 5 wt.% PFE
into the LZCO halide electrolyte layer of an NCM based SSBs,
denoted as LZCO+PFE. After one charge and discharge cycle, the
cycled electrolyte interlayer was examined by XPS. As shown in
Figure S22, a clear LiF component emerges in the F 1s spectrum
of the electrolyte layer. This observation indicates that LiF rich
interphase formation does not require an electrochemical redox
process, but can be triggered when deintercalated Li* come into
contact with PFE.

In PFE-derived CEI, the organic fluoropolyether component
affords high chemical stability, rapid Li* transport, and mechani-
cal compliance [52, 53], thereby accommodating volume changes
of the Ni82 cathode during cycling and mitigating CEI fracture.
Concurrently, the inorganic LiF domains confer mechanical rein-
forcement, high oxidative stability, and electronic insulation [54,
55]. Importantly, when the inorganic LiF and organic components
coexist in an intimate hybrid architecture, Li* migration can
proceed with a reduced energy barrier, suggesting that organic-
inorganic interfacial regions facilitate accelerated Li* transport
[56, 57]. Consequently, the PFE-derived CEI synergistically inte-
grates high oxidative stability, rapid Li* conduction, mechanical
robustness, and elasticity.

It is widely recognized that in composite cathodes, the contact
between active material particles and SEEs is predominantly
point-like (Figure 3g) [44, 58]. Therefore, NCM is limited by
sluggish Li* transport at the Ni82-LZCO interface. Additionally,
insufficient Ni82-LZCO interfacial contact leaves a substantial
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fraction of particles electrochemically inactive. In contrast, in
NCM@PFE, an in situ CEI forming on the surface of Ni82 par-
ticles fills interfacial voids at the Ni82-LZCO interfaces, thereby
converting point contacts into CEI-mediated areal contacts.
Consequently, in NCM@PFE, Li* transfers efficiently across the
Ni82-LZCO interface via Li*-conductive CEI, thereby markedly
enhancing interfacial ion-transport kinetics.

To further corroborate the PFE enabled kinetic enhancement,
Galvanostatic Intermittent Titration Technique(GITT) and vari-
able scan rate Cyclic Voltammetry (CV) measurements were
performed on the composite cathodes. The diffusion coefficient
derived from GITT reflects the electrochemical dynamics and
polarization behavior of the composite electrode and thus the
effective Li* transport within the composite cathode. As shown
in Figure S23, NCM@PFE displays reduced polarization and
markedly higher Li* diffusivity than the NCM cathode. Consis-
tently, the variable scan rate CV results in Figure S24 show a
substantially smaller peak potential shift for NCM@PFE with
increasing scan rate, indicative of improved reaction kinetics and
mitigated polarization. Collectively, these GITT and CV results,
together with the EIS data, demonstrate that introducing PFE
enhances interfacial Li* transport and reduces polarization in the
composite cathode.

Additionally, the CEI creates continuous ion-conducting
pathways that reconnect previously inactive Ni82 particles
to the percolation network, effectively reactivating them for
electrochemical cycling. Collectively, the PFE-derived CEI
improves Ni82 utilization and increases specific capacity, while
markedly enhancing the electrochemical kinetics in composite
cathodes. To further elucidate the mechanism by which the PFE-
derived CEI enhances cycling stability, XPS was performed on
NCM@PFE electrodes before and after cycling. After 100 cycles,
the LiF component in the F 1s spectrum (Figure 4a) increased
substantially, indicating ongoing CEI growth accompanied
by progressive LiF accumulation. Thermogravimetric analysis
(Figure S25) further revealed that the mass loss of NCM@PFE
at 250°C decreased from 4.6% (before cycling) to 3.5% (after the
first cycle) and then to 2.2% (after 100 cycles), consistent with
progressive conversion of PFE into nonvolatile fluoropolyether
species and LiF during CEI formation. These observations
collectively indicate that PFE is not depleted during the
initial cycle. The residual PFE serves as a self-healing reservoir,
continuously repairing freshly exposed Ni82 surfaces arising from
CEI cracking or particle fracture, thereby preserving interphase
integrity. This dynamic CEI-forming process maintains CEI-
mediated areal contact between Ni82 and LZCO particles,
sustains continuous Lit transport pathways, and suppresses
interfacial impedance growth as well as the accumulation of
inactive Ni82 during cycling.

Further analysis revealed that in the XPS spectra of NCM and
NCM@PFE after 100 cycles (Figure 4b), oxidized chlorine species
ClOx™ appeared [59], indicating that LZCO undergoes oxidative
side reactions during cycling. To pinpoint the oxygen source
in ClOx™, oxygen-free Li,ZrCl; (LZC) was employed to prepare
composite cathodes in lieu of LZCO. Under identical testing con-
ditions, the Cl 2p spectrum of the LZC-based composite cathode
likewise revealed ClOx~ (Figure S26), indicating that the oxygen
incorporated into ClOx~ originated not from LZCO but from

highly reactive oxygen (O,) evolved from the Ni82 cathode during
cycling [60, 61]. In conventional LIBs with liquid electrolyte,
O, oxidizes the electrolyte, causing solvent decomposition and
compromising cycling stability [62]. In composite cathodes with
halide SSEs, O, likewise oxidizes LZCO or LZC, thereby damaging
the structure of the halide SSEs, reducing their ionic conductivity,
and ultimately degrading overall cell-level cycling performance
[24, 63]. Moreover, relative to NCM, the C1Ox™ peak intensity after
cycling was markedly reduced in NCM@PFE, suggesting that
the CEI on Ni82 suppressed O, evolution and mitigates oxidative
degradation of the halide SSEs. Additionally, after 100 cycles,
the NCM and NCM@PFE composite cathodes were washed to
remove LZCO and residual PFE, and the recovered Ni82 particles
were then analyzed by XPS using Ar* sputter depth profiling. As
shown in Figure 4c, Ni82 in cycled NCM exhibits a surface Ni**
fraction of 67% in the Ni 2p spectrum, substantially higher than
the 48% measured in the bulk-like region. This marked surface-
bulk disparity indicates extensive rock-salt phase transformation
at the Ni82 particle surface [64]. In contrast, in Ni82 protected by
the CEI (Figure 4d), the surface Ni** fraction is 53%, comparable
to the bulk value (48%), suggesting effective suppression of the
rock-salt phase transformation. This conclusion is further cor-
roborated by HRTEM images (Figure 4e,f), in which cycled NCM
exhibits pronounced rock-salt domains on Ni82 surfaces, whereas
CElI-protected Ni82 exhibits no discernible rock-salt phase [65].
This surface reconstruction not only consumes active material
and impedes Li* transport but also induces internal stress accu-
mulation during cycling due to the volumetric mismatch between
the rock-salt and layered phases, ultimately leading to particle
fracture [66]. This degradation pathway is further corroborated
by SEM images (Figure 4gh). After 100 cycles, Ni82 particles
in the NCM exhibit extensive surface cracking, while those in
NCM@PFE largely maintain their structural integrity.

Additionally, XRD measurements were conducted on uncycled
NCM and on cycled and washed NCM/NCM@PFE, Additionally,
XRD was performed on pristine NCM, as well as on cycled NCM
and NCM@PFE after DMC washing, and subsequent Rietveld
refinement was used to quantify the extent of Li/Ni mixing
[67]. As shown in Figure 4i and Figure S27, the Li/Ni mixing
ratio of unprotected Ni82 increased from 2.3% to 3.9% after 300
cycles, whereas CEI-protected Ni82 under identical conditions
showed a Li/Ni mixing ratio of only 2.7%. Suppressing Li/Ni
mixing curtails active material loss and preserves Li* diffusion
coefficients, thereby enhancing cycling stability of Ni82 [68, 69].

The mechanisms through which the CEI enhances the electro-
chemical performance of the composite cathode are schemat-
ically illustrated in Figure 5. The in situ-formed CEI converts
the Ni82-LZCO contact from point contacts to CEI-mediated
areal contacts. The Li"-conductive CEI extends ion-transport
pathways, thereby enhancing interfacial ion-transport kinetics
and reducing the fraction of electrochemically inactive Ni82.
Consequently, the composite cathode exhibits higher specific
capacity and faster reaction kinetics. During cycling, the high
elasticity of the PFE-derived CEI, together with the dynamic film-
forming behavior of PFE, maintains CEI-mediated areal contacts,
thereby ensuring steady interfacial Li* transport and suppressing
the accumulation of electrochemically inactive Ni82. Concur-
rently, the PFE-derived CEI suppresses interfacial side reactions
at the Ni82-LZCO interface, thereby limiting O,-induced LZCO
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oxidation as well as rock-salt phase transformation, Li/Ni mixing,
and particle fracture of Ni82. Consequently, the PFE-derived
CEI maintains the Li*-transport network within the composite
cathode and mitigates side reactions at both the LZCO and Nig82
interfaces, thereby improving cycling stability.

2.4 | Application in Solid-State Pouch Cells

To further assess the practical feasibility of PFE, solid-state
pouch cells were assembled with Ag-C anodes and either NCM
or NCM@PFE composite cathodes (Figure S28). As shown in
Figure 6a,b, incorporating PFE raises the specific capacity at
0.1C from 167 to 176 mAh g~! (based on the mass of Ni82), and
improves capacity retention after 300 cycles increases from 62.3%
to 88.0%. Moreover, PFE-containing pouch cells consistently
exhibit lower impedance throughout cycling (Figure 6c). In
addition, NCM@PFE delivers improved rate capability relative
to NCM. At 0.2C, 0.3C, and 0.5C, NCM@PFE retains 93%, 88%,
and 79% of its capacity, respectively, which is consistently higher
than NCM at the same rates (Figure 6d and Figure S29). Notably,
even at the higher rate of 0.3C, the incorporation of PFE still
enhances cycling stability (Figure S30). These results underscore
the practical potential of PFE for practical solid-state pouch cells.

3 | Conclusion
In this work, we introduce PFE as a CEI-forming additive for

halide-based composite cathodes. PFE exhibits excellent chem-
ical stability toward halide SSEs and intrinsic nonflammability.

Given its high boiling point and excellent wettability, PFE
can be homogeneously incorporated into composite cathodes
through dry-electrode processing. During cycling, PFE forms a
fluoropolyether-LiF hybrid CEI by reacting with deintercalacted
Lit. This Lit-conductive, conformal CEI transforms localized
point contacts at the Ni82-LZCO interface into CEI-mediated
areal contacts, thereby enhancing the Li*-transport network and
reactivating previously electrochemically inactive Ni82 particles.
The robust CEI also suppresses parasitic reactions, including
LZCO oxidation, as well as O, evolution, rock-salt reconstruction,
Li/Ni mixing, and particle fracture of Ni82 particles. Compos-
ite cathodes containing PFE deliver exceptional performance,
achieving 206 mAh g™ at 0.1C, retaining 76% at 1C and 83% after
1500 cycles at 0.5C. Pouch-cell validation further highlighting the
potential of PFE for practical SSBs applications.
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