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Stabilizing CuTCNQ cathodes in sulfide-based
all-solid-state organic lithium batteries via a
fluoroiodinated molecular modifier
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Zhong Jin *b

A fluoroiodinated molecular modifier, C6F13I, is introduced to

stabilize the CuTCNQ/Li6PS5Cl interface in sulfide-based all-solid-

state organic lithium batteries. Its electrochemical activation generates

a conformal LiF/LiI/organofluorinated interphase, suppressing electro-

lyte decomposition, preserving Li+ transport, and markedly improving

the rate capability and cycling stability of the CuTCNQ cathode.

Organic electrode materials (OEMs) have emerged as promising
candidates for next-generation rechargeable batteries because
of their structural diversity, molecular tunability, sustainability,
and compatibility with scalable green manufacturing.1–4 When
coupled with nonflammable solid-state electrolytes (SSEs), they
enable all-solid-state lithium-organic batteries (ASSOLBs),
which combine intrinsic safety with the versatile redox chemistry
of organic materials.5,6 Among the available SSEs, sulfide electro-
lytes are particularly attractive owing to their high room-
temperature ionic conductivity, low interfacial resistance, and
quasi-glassy deformability, which enables intimate solid–solid
contact under relatively low stack pressure.7

However, the practical development of sulfide-based ASSOLBs
remains severely hindered by cathode-side interfacial instability.
The limited oxidative stability of sulfide electrolytes leads to anodic
decomposition during charging, especially at elevated potentials,
generating resistive interphases that impede Li+ transport,
increase charge-transfer resistance, and accelerate capacity

decay.8 Stabilizing the cathode/electrolyte interface is therefore
essential for high-performance sulfide-based ASSOLBs.

In this context, CuTCNQ, a semiconducting metal–organic
charge-transfer compound constructed from Cu+ and the strongly
electron-accepting TCNQ ligand, represents an appealing cathode
platform.9 Owing to its favorable electronic conductivity, particu-
larly in phase-I,10 CuTCNQ is well suited for probing the role of
cathode-side interfacial regulation in sulfide-based ASSOLBs.
Nevertheless, under high-voltage operation, direct contact with
sulfide electrolytes is expected to induce parasitic interfacial reac-
tions, thereby compromising Li+ transfer and cycling reversibility.
Although microstructural strategies such as freeze grinding and
solvent-assisted coating have been explored to mitigate such
degradation,11,12 molecularly defined regulation of organic cath-
ode/sulfide electrolyte interfaces remains largely unexplored. Here,
we introduce C6F13I as a molecular interfacial modifier for
CuTCNQ-based sulfide ASSOLBs. Its weak C–I bond and fluori-
nated structure enable the formation of a robust LiF/LiI-rich
interphase at the CuTCNQ/LPSC interface, which suppresses
parasitic interfacial reactions while preserving efficient Li+ trans-
port. As a result, the modified CuTCNQ-4 cathode delivers
improved reversible capacity, rate capability, and cycling stability,
retaining 60% of its capacity after 100 cycles at 0.5 C. Combined
TEM, XPS, and operando pressure-monitoring results further
reveal that this molecular strategy effectively regulates both the
interfacial chemistry and the mechanical evolution of the CuTCNQ
cathode, providing a viable route toward high-performance sulfide-
based ASSOLBs.

CuTCNQ was synthesized through a rapid coordination
reaction between CuI and TCNQ in acetonitrile under an argon
atmosphere, as schematically illustrated in Fig. 1a.13 Upon brief
stirring, Cu+ coordinates with the cyano groups of TCNQ to
form an extended coordination network, yielding phase-I
CuTCNQ. The crystal structure (Fig. 1b) consists of alternating
Cu centres and TCNQ units, forming rod-like crystalline motifs
with well-defined orientations. SEM images (Fig. S1a) show that
the as-prepared CuTCNQ displays a rod-like morphology with
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widths below 1 mm and lengths of approximately 10–20 mm. To
introduce molecular-level interfacial regulation, CuTCNQ crystals
were treated with C6F13I via thermal adsorption (Fig. 1c). Heating
at 150 1C for 6 h in a sealed environment enables interfacial
adsorption and anchoring of C6F13I on the CuTCNQ surface. DFT
calculations further reveal a negative adsorption energy (Eads =
�0.27 eV) for C6F13I on the CuTCNQ (020) plane (Fig. 1d),
indicating thermodynamically favourable interfacial binding.

Fig. S1b–f show that introducing different amounts of C6F13I
do not noticeably alter the morphology of CuTCNQ. The XRD
patterns (Fig. S2a) can all be indexed to phase-I CuTCNQ,
consistent with the reported structure,13 and no new peaks or
obvious peak shifts are observed after modification, indicating
preserved structural integrity. FT-IR spectra (Fig. S2b) further
confirm the CuTCNQ framework, showing characteristic bands
at 2196, 2165, 1573, 1507, 1325, 1175, 988, and 823 cm�1. The
band at 2196 cm�1 is assigned to CRN stretching, while the
absorption at 823 cm�1 is characteristic of TCNQ�, excluding
the presence of neutral TCNQ or TCNQ2�.14

The electrochemical effect of surface modification was first
evaluated by EIS using five CuTCNQ-x cathodes (Fig. 1e), where
x represents the amount of C6F13I (ul) used for the surface
modification. The impedance mainly comprises the bulk resis-
tance (Rbulk), grain-boundary resistance (RGB), and interfacial
resistance (RCAM/SE).15 As summarized in Fig. 1f, all samples
exhibit similar Rbulk values of 8–12 O, corresponding to the
intrinsic resistance of the solid electrolyte, while RGB remains
below 5 O with only minor variation. In contrast, RCAM/SE differs
markedly among the samples: pristine CuTCNQ shows the
highest value (22.98 O), which progressively decreases upon
C6F13I introduction and reaches a minimum of 12.49 O for

CuTCNQ-4. No further appreciable decrease is observed for
CuTCNQ-5, suggesting that interfacial optimization becomes
saturated at the CuTCNQ-4 composition. CuTCNQ-4 was there-
fore selected for subsequent study.

Fig. 2a compares the rate performance of Li/LPSC/CuTCNQ
and Li/LPSC/CuTCNQ-4 batteries (60 1C). The Li/LPSC/
CuTCNQ-4 battery (mass loading: 1.6 mg cm�2) delivers dis-
charge capacities of 184.2, 153.7, 109.5, 77.0, and 50.7 mAh g�1

at 0.1, 0.2, 0.5, 1, and 2 C, respectively, whereas the corresponding
values for Li/LPSC/CuTCNQ are 176.9, 130.2, 83.5, 53.5, and 33.5
mAh g�1. Although both electrodes show comparable capacities at
0.1 C, CuTCNQ-4 consistently outperforms CuTCNQ at higher
rates. As shown in Fig. 2b, Li/LPSC/CuTCNQ-4 also exhibits smaller
polarization and better-defined voltage plateaus, indicative of
faster ion/electron transport kinetics. Long-term cycling at 0.5 C
(Fig. 2c) further demonstrates the superior durability of Li/LPSC/
CuTCNQ-4, which retains a reversible capacity of B140 mAh g�1

with 60% capacity retention after 100 cycles. By contrast, Li/LPSC/
CuTCNQ rapidly decays to B60 mAh g�1 (25% retention). The
corresponding charge/discharge profiles (Fig. 2d) show that
CuTCNQ-4 maintains stable voltage plateaus and higher capacities
upon cycling, whereas pristine CuTCNQ undergoes pronounced
polarization growth and capacity fading. Similar trends are pre-
served at higher mass loadings (2.4 and 3.2 mg cm�2) (Fig. S3),
where CuTCNQ-4 still delivers higher capacity and better cycling
stability. These results indicate that the formed LiF/LiI interphase

Fig. 1 (a) Schematic illustration of the synthesis of CuTCNQ (phase-I);
(b) crystal structure of CuTCNQ (phase I); (c) schematic of illustration of
the synthesis of CuTCNQ-CFI composite; (d) DFT-optimized adsorption
configuration of a C6F13I fragment on the CuTCNQ surface; (e) Nyquist
plots of CuTCNQ and CuTCNQ-CFIx symmetric cells at room tempera-
ture with the equivalent circuit model shown in the inset; (f) corresponding
fitted resistance values of Rbulk, RGB, and RCAM/SE. Fig. 2 (a) Rate capability at 60 1C tested under 0.1, 0.2, 0.5, 1, and 2 C; (b)

corresponding charge–discharge profiles of CuTCNQ and CuTCNQ-4 at
different C-rates (0.1–2 C); (c) long-term cycling performance at 0.5 C and
60 1C; (d) charge–discharge voltage profiles of CuTCNQ and CuTCNQ-4
during the 5th, 50th, and 100th cycles at 0.5 C; (e) GITT profiles obtained
by applying a series of current pulses followed by 30 min relaxation for
each step; Voltage polarization (DV) plots during (f) discharge and (g)
charge processes.
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effectively stabilizes the CuTCNQ/LPSC interface, leading to
improved Li+ reversibility, reduced polarization, and enhanced
rate and cycling performance.

Consistent with the CV response, b-value analysis, and capa-
citive contribution in Fig. S4, interfacial modification promotes
pseudocapacitive-dominated charge storage and accelerates elec-
trochemical kinetics. The performance enhancement was further
probed by GITT and operando pressure monitoring. As shown in
Fig. 2e, Li/LPSC/CuTCNQ-4 exhibits a slightly higher Li+ diffusion
coefficient than Li/LPSC/CuTCNQ during discharge and, more
importantly, retains distinctly higher diffusion coefficients near
the charge cutoff, indicating more efficient Li+ transport under
kinetically demanding high-voltage conditions. This trend is also
reflected in the voltage polarization (DV, Fig. 2f and g). During
discharge, CuTCNQ-4 shows slightly lower polarization at the
initial lithiation stage and consistently smaller DV at lower
voltages, indicating reduced interfacial resistance buildup during
deep lithiation. During charging, CuTCNQ-4 likewise maintains
lower DV throughout the process, particularly in the 3.0–3.6 V
region and near the charge cutoff, highlighting its improved
resistance to high-voltage interfacial deterioration. These results,
in concert with the GITT analysis, confirm that the formed LiF/LiI
interphase promotes Li+ transport and enables a more stable
cathode/electrolyte interface.

Operando stress monitoring further reveals the mechanical
effect of the formed LiF/LiI interphase (Fig. S5). Because both
cells use the same electrolyte and lithium anode, the stress
evolution mainly reflects cathode-side volume changes and side
reactions. In both cases, stress decreases during discharge and
increases during charge, consistent with reversible electrode breath-
ing. However, while Li/LPSC/CuTCNQ exhibits a gradual decay in
overall pressure during cycling, Li/LPSC/CuTCNQ-4 shows much
more reversible stress fluctuations. Although both cells display
similar stress changes during the first discharge, the pristine
CuTCNQ cell shows incomplete stress recovery upon charging,
indicative of persistent parasitic interfacial reactions. In contrast,
the formed LiF/LiI interphase suppresses these side reactions
and enables more reversible Li+ migration, resulting in mechani-
cally more stable cycling. This agrees well with the improved
capacity retention of Li/LPSC/CuTCNQ-4 and further underscores
the role of the CFI-derived interphase in stabilizing both the
electrochemical and mechanical evolution of the solid-state cell.

The mechanism underlying the C6F13I-induced enhance-
ment in the electrochemical performance of the CuTCNQ
battery was investigated by thermogravimetric analysis (TGA),
transmission electron microscopy (TEM), and X-ray photoelec-
tron spectroscopy (XPS) on the pristine CuTCNQ and CuTCNQ-
4 composite cathodes. As shown in Fig. S6, both samples show
negligible mass loss below 300 1C, while CuTCNQ-4 exhibits a
broader mass-loss profile at higher temperatures, indicating
altered thermal decomposition behavior. To gain deep insight
into the origin of this altered thermal behavior, the morphology
and surface structure of the cathodes were further examined by
TEM. As shown in Fig. 3a, pristine CuTCNQ exhibits a smooth
surface, whereas CuTCNQ-4 is covered by a conformal layer
with a thickness of 20 nm (Fig. 3b and c). Corresponding

energy-dispersive X-ray spectroscopy (EDS) elemental mapping
(Fig. 3d–i) reveals a homogeneous distribution of the constitu-
ent elements, including fluorine and iodine, confirming the
uniform coverage of the fluorinated iodine-containing layer.

While TEM and EDS mapping confirm the presence and
uniform coverage of the fluorinated iodine-containing surface
layer, XPS was further employed to clarify its chemical compo-
sition and interfacial evolution after contact with LPSC.
As shown in Fig. 4a and b, a characteristic C–F signal at
688.8 eV (blue-shaded region), originating exclusively from the
C6F13I additive, is clearly observed both before and after mixing
CuTCNQ-4 with LPSC. After mixing Li6PS5Cl, a new feature
appears at 684.9 eV, corresponding to Li–F bonding, evidencing
the interfacial formation of LiF. The I 3d XPS spectrum in Fig. S7
shows characteristic I 3d5/2 and I 3d3/2 peaks at 619.6 and
631.1 eV, respectively, indicative of interfacial LiI formation.
The formation mechanism can be rationalized in Scheme S1.
Specifically, owing to the intrinsically low bond dissociation

Fig. 3 (a)–(c) TEM images of CuTCNQ and CuTCNQ-4; (d–i) EDS ele-
mental mapping of CuTCNQ-4.

Fig. 4 F 1s spectra of (a) CuTCNQ-4 and (b) CuTCNQ-4/LPSC composite.
S 2p spectra of (c) CuTCNQ/LPSC and (d) CuTCNQ-4/LPSC composite.
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energy of the C–I bond and the strong electron-withdrawing
nature of the perfluoroalkyl chain, C6F13I readily undergoes C–I
bond cleavage upon contact with LPSC. Subsequent interaction
with LPSC allows abundant Li+ species in the electrolyte to react
with the fluorinated fragments, thereby triggering defluorination
reactions and preferential formation of LiF. Moreover, the LiF/LiI-
derived interphase plays a critical role in stabilizing the LPSC
interface. As shown in Fig. 4c and d, both composite electrodes
exhibit the characteristic PS4

3� peak at 161.7 eV from LPSC, along
with a P2Sx signal at 163.9 eV. Notably, the CuTCNQ/LPSC sample
shows an additional weak SO3

2� peak at 166.8 eV, indicative of
slight interfacial oxidation, possibly caused by residual oxygen-
containing species from synthesis or unavoidable air exposure
during sample transfer. In contrast, the SO3

2� signal is absent in
the CuTCNQ-4/LPSC composite, further confirming that the LiF/
LiI-derived interphase effectively improves the interfacial
chemical stability of the sulfide electrolyte.

In summary, a fluoroiodinated molecular modifier, C6F13I, is
introduced to stabilize the CuTCNQ/LPSC interface in sulfide-
based all-solid-state organic lithium batteries. The C6F13I treat-
ment forms a conformal surface layer on CuTCNQ and further
enables the in situ generation of a LiF/LiI-rich interphase upon
contact with the sulfide electrolyte, thereby suppressing inter-
facial side reactions while preserving efficient Li+ transport.
Consequently, the modified CuTCNQ-4 cathode exhibits lower
cathode/electrolyte interfacial resistance, improved rate capabil-
ity, and markedly enhanced cycling stability relative to pristine
CuTCNQ. Combined TEM, XPS, GITT, voltage-polarization, and
operando stress analyses further show that the CFI-derived
interphase effectively mitigates high-voltage interfacial dete-
rioration and promotes more reversible electrochemical and
mechanical evolution during cycling. This work provides a
simple molecular strategy for stabilizing organic cathode/sul-
fide electrolyte interfaces in high-performance ASSOLBs.
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