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Solid-state lithium (Li) metal batteries have attracted significant attention due to their high energy den-
sity and improved safety performance. However, sluggish Li-ion transport and rapid anion migration in
solid-state electrolytes often result in heterogeneous Li-ion flux distribution and thus Li dendrite growth.
Herein, we developed a highly conductive composite solid electrolyte with an elevated Li-ion transfer-
ence number through incorporating Gd-doped CeO, (GDC) nanofillers with abundant surface oxygen
defects into poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) matrices. The defect concen-
trations were effectively controlled by regulating the Gd doping ratio in CeO,. As a result, the highest
oxygen concentration of 12.2% is achieved for the GDC with 10% Gd doping (GDC-10). The GDC-10 elec-
trolyte demonstrated a high Li-ion transference number of 0.59 and an improved ionic conductivity of
0.40 mS/cm at room temperature, attributed to anion immobilization and enhanced Li-salt dissociation.
This was due to the strong interactions between positively charged oxygen vacancies and anions, which
effectively reduces surface concentration polarization and homogenizes Li-ion flux. Therefore, Li||[Li sym-
metric cells exhibited exceptional cycling stability of 1500h without noticeable Li dendrite growth at
1mA/cm? and 1 mAh/cm?. Furthermore, Li||LiFePO, full cell also stably cycles for 500 cycles with a ca-
pacity retention of 90.44% at 1 C. This work provides new insights into the design of composite solid

electrolytes through the defect regulation of fillers.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the development of consumer electronics and electric ve-
hicles, lithium-ion batteries (LIBs) account for a significant por-
tion of energy storage devices due to their high energy density
and long cycle life [1-5]. However, liquid electrolytes used in tra-
ditional LIBs pose significant challenges in battery safety such as
leakage, combustibility, and explosion [6]. Replacing conventional
liquid electrolytes with solid-state electrolytes (SSEs) is regarded
as one of the most effective approaches to enhance the intrinsic
safety of LIBs [7,8]. Thermally stable and nonflammable SSEs effec-
tively eliminate safety hazards, including fire and explosion. More-
over, SSEs with widened electrochemical window also allows them
to pair with high-capacity Li metal anodes and high-voltage cath-
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odes, thus boosting the energy density of all-solid-state lithium (Li)
metal batteries (ASSLMBs) [9,10].

Despite numerous advantages of SSEs, which position them as
the key components of next generation batteries with excellent
development prospects [11,12], several drawbacks still need to be
addressed. For example, in order to achieve acceptable ion con-
ductivity and mechanical strength, inorganic SSEs (such as ox-
ides, sulfides, halides) must be calcined to increase their density
[13-15]. Moreover, their inherent lack of flexibility and the point-
to-point contact with electrodes also limit the practical applica-
tions [16-25]. Solid polymer electrolytes (SPEs) exhibit huge po-
tential in practical ASSLMBs due to their flexibility, processability,
and conformal interface contact [26,27]. Nevertheless, low room-
temperature ionic conductivity of SPEs typically necessitates the
operation of their application at elevated temperatures [28]. To
overcome these limitations, composite solid electrolytes have been
designed to combine the strengths of both inorganic SSEs and SPEs
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[29-32]. However, issues such as sluggish ion transport and den-
drite growth still prevent the applications of ASSLMB.

One of the critical reasons leading to the Li dendrites growth
is the formation of a Li-ion depletion layer upon Li metal anode
due to the rapid consumption of Li ions under working conditions,
resulting in uneven Li-ion flux and nonuniform Li platting [33-35].
Besides, the movements of anions within electrolytes and their
accumulation on the electrode surface intensifies uneven Li-ion
distribution, which thereby results in increased concentration
polarization and Li dendrite growth [36-38]. Numerous designs
have been proposed to increase the Li-ion transference number to
alleviate the problem of uneven Li-ion distribution. Consequently,
single ion conducting polymer electrolytes employing polyanion
Li salts, where anions are immobilized on the polymeric skeleton,
have been developed to obtain high Li-ion transference num-
ber [39,40]. Besides, introducing functional fillers into polymer
electrolytes is also regarded as an effective approach to enhance
Li-ion transference number [41]. For instance, garnet-type ceramic
Lig75LaszZry75Tag 25012 (LLZTO) with surface Lewis acid sites can
interact with trifluoromethylsulfonamide (TFSI~) anions, thus
immobilizing anions and enhancing Li-ion transference number
[29,42-44]. Oxide fillers (such as CeO,, TiO, [45], SnO, [46]) with
positively charged oxygen vacancies also exhibit strong interac-
tions with negatively charged anions [47-49]. However, effectively
enhancing the defect concentration on the surface of filler remains
a challenge. Moreover, the effect of defect concentration on the
Li-ion transportation is not yet fully understood.

Herein, we reported the development of Gd-doped CeO, (GDC)
materials with enhanced oxygen vacancy concentrations, achieved
by regulating the doping ratio of Gd in CeO,. The incorporation of
lower-valence Gd3+* than Ce*t causes charge compensation in the
lattice to maintain the electrical neutrality of the crystal, resulting
in the formation of oxygen vacancies eventually [50]. GDC with
a Gd doping ratio of 10% (GDC-10) shows the highest surface
oxygen vacancy concentration of 12.2%. And the GDC materials
were subsequently used as fillers in poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) matrices to get the highest Li-ion
transference number. Due to the increasing anion anchoring effect
with the increase of oxygen vacancy concentration, the polymer
electrolytes with this GDC-10 fillers exhibits an optimized Li-ion
transference number of 0.59 and enhanced room-temperature
ionic conductivity of 0.40 mS/cm. Li||Li symmetrical cell with the
PVDF-HFP/GDC-10 SSE stably cycles for more than 1500h with a
reduced polarization voltage at a high current density of 1 mA/cm?
and a high capacity of 1 mAh/cm?2. Li||LFP cells demonstrate
superior rate performance and extended cycle life, with a capacity
retention of 90.44 % remains after 500 cycles at 1 C.

As illustrated in Fig. 1a, the synthesis process of GDC materials
primarily involves two stages: calcination and refinement. Firstly,
the GDC materials were synthesized by calcining a mixture of CeO,
with Gd,05 at high temperature, aiming to achieve the success-
ful dope Gd3+ into crystal lattice of CeO,. The substitution of Ce**
ions with low-valence Gd3* ions generates the oxygen vacancies in
CeO, due to the charge compensation. Thus, the oxygen vacancy
concentration is precisely controlled by regulating the Gd3* dop-
ing concentration in CeO,. Following calcination, the obtained GDC
raw materials were refined using high-energy ball milling and siev-
ing, yielding GDC particles with an average particle size of 140 nm
(Fig. S1 in Supporting information). In order to identify the GDC
materials with different Gd3* concentration, the samples with the
Gd/Ce molar ratio of 5%, 10%, and 20% are denoted as GDC-5,
GDC-10, and GDC-20, respectively. The GDC materials present a
typical fluorite crystal structure consistent with pure CeO, sam-
ples (Fig. 1b), confirming the successful doping of Gd into CeO,.
Notably, when the Gd doping concentration excesses 20%, a slight
diffraction peak at 26 of 20° associated with the (211) plane of
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Fig. 1. Preparation and characterization of the GDC fillers. (a) Schematic illustra-
tion of the preparation of the GDC fillers. (b) X-ray diffraction (XRD) pattern of
pristine CeO,, Gd,03, and different GDC fillers. (c) High-revolution TEM image and
corresponding selected area electron diffraction (SAED) pattern (inset) of the GDC-
10 filler. (d) EDS mapping images of the GDC-10 particles. (e) X-ray photoelectron
spectroscopy (XPS) spectra of different GDC fillers and corresponding oxygen va-
cancy (V,) concentration analysis.

Gd, 03 is observed, indicating the incomplete Gd doping. These re-
sults demonstrate that increasing the Gd,03 ratio does not lead to
an indefinite increase in the oxygen vacancy concentration of GDC.

The topography of the GDC materials were further investi-
gated using transmission electron microscope (TEM) and selected
area electron diffraction (SAED). The representative GDC-10 sam-
ple exhibits clear lattice fringe with a larger d-spacing of 0.33 nm
(Fig. 1c), which corresponds to the (111) plane of CeO,. However,
the d-pacing of GDC-10 is larger than that of pure CeO, (0.31 nm,
Fig. S2 in Supporting information), which is attributed to the en-
hanced ionic radius of Gd3+ compared with Ce*t, thereby leading
to an expanded lattice volume. The corresponding energy disper-
sion spectroscopy (EDS) mapping demonstrates a uniform distri-
bution of Gd element within GDC materials (Fig. 1d), further con-
firming the successful preparation of GDC materials.

Generally, the change in peak area ratio of Ce3t 3dsp, and 3d3p,
peaks in X-ray photoelectron spectra (XPS) reflects the concentra-
tion of oxygen vacancies [49,51]. Therefore, the oxygen vacancy
concentrations of different GDC powders were quantitated using
XPS measurements (Fig. 1e and Tables S1-S4 in Supporting infor-
mation). Since the formation energy of oxygen vacancies on the
surface of CeO, is very low, oxygen atoms in the crystal lattice are
easily released to react with other substances, thus generating oxy-
gen defects. As a result, pristine CeO, also presents a low surface
oxygen vacancy concentration of 3.54%. Due to the requirement
for lattice charge neutrality, the oxygen vacancy concentration in-
creases with increasing the doping ratio of Gd. However, when the
Gd doping ratio continuously increases to 20 %, the oxygen vacancy
concentration of GDC-20 instead decreases to 11.07 %. Excessive Gd
doping induces the migration of oxygen vacancies from the surface
into the bulk of lattice. Meanwhile, unincorporated Gd,03 loading
on the GDC surface leads to the cover of surface oxygen vacancies,
consistent with the XRD findings. Consequently, GDC-10 shows
the highest interfacial oxygen vacancy concentration of 12.2 %. This
result demonstrates that appropriate doping level will promote
more oxygen vacancies distributing on the surface of particles.
Due to the positively charged nature, surface oxygen vacancies can
promote the interactions with negatively charged anions, thereby
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Fig. 2. Properties of electrolyte films. (a) Scanning electron microscope (SEM) image of the CPE-Gd-10. Insert is the optical image. (b) Cross-sectional SEM images and
corresponding EDS mapping images of the CPE-Gd-10. (c) XRD patterns of CPEs with different GDC fillers. (d) Nyquist plots of CPEs with different GDC fillers. (e) Temperature-
dependent ionic conductivity of CPEs with different GDC fillers. (f) The comparison of the calculated transference number and ionic conductivity of CPEs with different GDC

fillers.

facilitating the dissociation of Li salts, immobilizing the anions,
and further increasing Li-ion transference number.

The PVDF-HFP/GDC composite electrolyte films were prepared
by tape-casting method. The composite solid electrolytes with
10wt% GDC fillers were also optimized (Fig. S3 in Supporting in-
formation). It can be seen that the introduction of GDC into PVDF-
HFP matrices significantly improves the mechanical performance,
showing compact structure and excellent flexibility (Fig. 2a and
Fig. S4 in Supporting information). At the same time, the thickness
of the electrolyte films is customized by regulating the thickness of
the casting scraper, therefore, the composite electrolyte films with
the thickness of 50 um were obtained (Fig. 2b). EDS mapping im-
ages also demonstrate the uniform distribution of GDC within the
composite electrolyte films. In comparison to the pristine PVDF-
HFP electrolyte, the incorporation of GDC into PVDF-HFP matrix ef-
fectively reduces the crystallinity of the polymer. This reduction is
evidenced by a decrease in the intensity of the diffraction peak at
200, associated with the PVDF-HFP matrices (Fig. 2c), which is con-
sistent with the formation of a compact morphology in the PVDF-
HFP/GDC electrolyte films. Besides, the characteristic peaks corre-
sponding to the GDC fillers exhibit negligible shifts, which implies
excellent compatibility between the GDC fillers and the polymer
phase.

The ionic conductivities of the PVDF-HFP/GDC composite solid
electrolytes with various GDC concentrations are shown in Fig. 2d.
It is well known that introducing inorganic fillers into polymer
electrolyte matrices can significantly reduce the glass transition
temperature of the polymers and promote Li-ion percolation along
the interface between the fillers and the polymers [46]. All com-
posite electrolytes exhibit markedly improved Li-ion conductivities
compared to the pristine PVDF-HFP electrolyte. Moreover, the Li-
ion conductivity of composite solid electrolytes increases with the
increase of surface oxygen vacancy concentration of GDC filler. This
trend aligns with the reduced glass transition temperature of the
PVDF-HFP (Fig. S5 in Supporting information), indicating strong in-
teractions between oxygen vacancies and polymer chains. Notably,
the CPE-Gd-10 electrolyte achieves the highest Li-ion conductivity
of 4.04 x 10~* S/cm, which is 5.2 times higher than that of pris-
tine PVDF-HFP electrolyte (7.8 x 10> S/cm). Moreover, a widened
electrochemical window of 4.45V is also observed for CPE-Gd-
10 electrolyte (Fig. S6 in Supporting information). Electrochemical
impedance spectroscopy (EIS) measurements at different temper-
atures and constant voltage polarization tests were also applied
(Figs. 2e and f, Fig. S7 in Supporting information). The CPE-Gd-10

electrolyte demonstrates the lowest ion-migration activation en-
ergy of 0.17eV and the highest Li* transference number of 0.59.
This enhancement is attributed to the presence of surface oxygen
vacancies in the GDC fillers, which effectively immobilize the TFSI~
anions of Li salts and thus prevent their movements. Additionally,
these oxygen vacancies also interact with negatively charged flu-
orine (F) atoms in the PVDF-HFP chains, therefore decreasing the
crystallinity of the polymer chains and facilitating Li-ion percola-
tion transport.

To clarify the effect of oxygen vacancies on Li-ion transport pro-
cesses, Raman spectroscopy characterization was conducted to in-
vestigate the Li-ion coordination environments (Fig. 3a). The in-
teractions between oxygen vacancies and TFSI~ anions facilitate
the dissociation of Li salts, resulting in significantly enhanced free
TFSI- concentrations in the composite solid electrolytes. More-
over, the ratio of free TFSI~ increases with increasing oxygen va-
cancy concentration. Consequently, CPE-Gd-10 electrolyte exhibits
the highest ratio of free TFSI- (68.4%), indicating a high level of
Li salt dissociation. On the contrary, the pristine PVDF-HFP elec-
trolyte shows more contact ion pairs (CIPs) and Li-ion agglomera-
tions (AGGs), which are ascribed to partially dissociated and undis-
sociated Li salts [52]. The enhanced dissociation of Li salts con-
tributes to an increased Li-ion carrier concentration, thereby pro-
moting Li-ion transport.

Besides, Fourier transform infrared spectrometer (FTIR) spec-
tra were utilized to further analyze the interactions between GDC
fillers and Li salts (Fig. 3b, Fig. S8 and Table S5 in Supporting in-
formation). The peaks near 1346, 1131, and 1055 cm~! correspond
to the symmetric stretch mode of —SO, (vsSO,), the antisymmet-
ric stretch mode of —SO, (vaSO,), and the antisymmetric stretch
mode of S-N-S (vaSNS), respectively [53]. When Li™ decouples
with TFSI—, the average electron cloud density of TFSI~ increases
[54], which thereby makes these peaks shift to higher wavenum-
ber. It can be observed that the stretching peaks associated with
TFSI~ anions shift upwards with the increase of oxygen vacancy
concentration, indicating that the existence of oxygen vacancies ef-
fectively promotes the dissociation of Li salts.

7Li solid-state nuclear magnetic resonance (NMR) spectroscopy
was also performed to observe the Li-ion transport pathways in
composite solid electrolytes (Fig. 3c). The peaks at a chemical shift
of 0.6 ppm are attributed to solvated Li ions in polymer bulk, while
the peaks at a chemical shift of 0.8 ppm correspond to Li ions at
the interface between fillers and polymer matrices. It can be ob-
served that the interfacial Li-ion species ratio increases with in-
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Fig. 3. The understanding of the Li transport mechanism. (a) Raman spectra of CPEs with different GDC fillers. (b) FTIR spectra of CPEs with different GDC fillers. (c) 7Li
NMR spectra of CPE-Gd-10 and CPE-CeO,. (d) Mechanism diagram of Li-ion transport in composite solid electrolyte.

creasing the oxygen vacancy concentration of filler. Therefore, CPE-
Gd-10 electrolyte shows a significantly improved interfacial Li-ion
species of 84.9%. The interactions between positively charged oxy-
gen vacancies and TFSI~ anions can effectively promote the dis-
sociation of Li salts, enhancing Li-ion carrier concentration. At the
same time, interactions between fillers and polymers can induce a
transformation of polymer chains from crystalline state to glassy
state, thereby significantly facilitating Li-ion percolation along the
filler/polymer interfaces. Consequently, the composite solid elec-
trolytes exhibit significantly enhanced Li-ion transport compared
to the pristine PVDF-HFP electrolyte (Fig. 3d). Notably, the sur-
face oxygen vacancy concentration is limited by the surface area
of fillers. Excessive doping of Gd into CeO, can lead to the burying
of vacancy by unincorporated Gd,0s.

In order to investigate the compatibility of composite solid elec-
trolytes with Li metal anode and the Li deposition behaviors un-
derlying Li/electrolyte interface, Li||Li symmetric cells with differ-
ent solid-state electrolyte films were fabricated. Figs. 4a and b
show the critical current density (CCD) of Li||Li symmetric cells
obtained by stepwise increasing the applied test current with a
fixed step time. It can be observed that GPE-Gd-10 exhibits an en-
hanced CCD value of 2.5 mA/cm?2, which is much higher than that
of pristine PVDF-HFP electrolyte (0.6 mA/cm?), indicating an im-
proved resistance to Li dendrite penetration. Moreover, Li||Li sym-
metric cell with GPE-Gd-10 also demonstrates a prolonged cycling
life of over 2000h at 0.1 mA/cm?, 0.1 mAh/cm? (Fig. S9 in Support-
ing information). Under a harsh working condition of 1mA/cm?
and 1 mAh/cm?, the cell still stably cycles for up to 1500h with
a reduced overpotential (Fig. 4c). This improvement is attributed
to the immobilization of TFSI~ anions by surface oxygen vacancies,
which enhances the Li-ion transference number and effectively re-
duces the concentration polarization of anions on Li anode surface.
Meanwhile, the interactions between oxygen vacancies and poly-
mer also contribute to the softening of polymer matrix and facili-
tate rapid Li-ion interface percolation, significantly uniformizing Li-
ion flux and promoting homogenous Li deposition.

XPS measurement was further carried out to analyze the com-
position of the solid electrolyte interphase (SEI) on the surface of
Li anode after cycling. The peaks observed at 685.2eV in the F1s
spectra and at 397.0eV (Fig. 4d) in the N 1s spectra (Fig. 4e) cor-
respond to inorganic components such as LiF and LisN within the
SEI [55,56]. Notably, the cycled Li anode in the CPE-Gd-10 elec-
trolyte shows a significantly higher concentration of these inor-

ganic components (Fig. S10 in Supporting information) [57,58]. In
contrast, the pristine PVDF-HFP electrolyte promotes the formation
of more organic components on the Li anode surface. The increased
presence of inorganic components in the SEI, attributed to the en-
hanced Li-ion conductivity and improved mechanical properties,
facilitates more uniform Li deposition and effectively inhibits the
growth of Li dendrites. As a result, the cycled Li anode in the GPE-
Gd-10 electrolyte exhibits a flat and smooth morphology (Fig. 4f)
with a compact and thin deposited Li layer. Whereas the Li anode
cycled in the pristine PVDF-HFP electrolyte displays mossy Li de-
position (Fig. 4g) with a loose, thick “dead Li” layer (Fig. 4h).
Li]|LFP full cells were also assembled to evaluate the practi-
cal application potentials of CPE-Gd-10 electrolyte. As shown in
Fig. 5a, the cells with CPE-Gd-10 deliver discharge capacities of
159.5, 155.6, 147.7, 140.7, 125.6, and 113.0 mAh/g at rates of 0.1, 0.2,
0.5, 1, 2, and 3 C, respectively. When the applied current turns back
from 3 C to 1 C, the CPE-Gd-10 cell still maintains a discharging ca-
pacity of 157.4 mAh/g, which demonstrates improved interface ki-
netics. By contrast, the cell with pristine PVDF-HFP electrolyte ex-
hibits reduced discharging capacities of 145.8, 143.6, 134.8, 126.7,
111.0, and 88.6 mAh/g at rates of 0.1, 0.2, 0.5, 1, 2, and 3 C, re-
spectively. When the current density returns from 3 Cto 1 C, a
significant decrease in discharge capacity and noticeable capacity
fluctuation are observed. This fluctuation is attributed to Li den-
drite growth within PVDF-HFP electrolyte layer. Besides, the cell
with CPE-Gd-10 also demonstrates reduced voltage polarization
due to enhanced Li-ion conductivity and Li-ion transference num-
ber (Fig. 5b). Long-term cycling performance (Fig. S11 in Support-
ing information) was also investigated to reveal the performance of
electrolytes in practical applications. As illustrated in Figs. 5c-e, the
Li|CPE-Gd-10|LFP cell delivers a significantly enhanced initial dis-
charge capacity of 146.5 mAh/g and a high retention ratio of 90.4%
after over 500 cycles at 1 C. In comparison, the cell with the pris-
tine PVDF-HFP electrolyte shows a lower initial discharge capacity
of 106.2 mAh/g with increased overpotential. Moreover, shortened
cycling life and sudden fluctuation in Coulombic efficiency after 80
cycles, indicating the interface instability and Li dendrite growth.
Oxygen vacancies on the surface of fillers, which act as posi-
tively charged sites, can interact with negatively charged anions of
Li salts. This interaction not only promotes the dissociation of Li
salts but also immobilizes anions and enhances Li-ion transference
number. Moreover, the addition of the fillers with sufficient oxy-
gen vacancies can also reduce the crystalline of polymer chains,
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thereby facilitating rapid Li-ion percolation along the filler/polymer
interface. Therefore, increasing the oxygen vacancy concentration
on the surface of fillers effectively promotes uniform Li plating and
mitigates Li dendrite growth. However, the concentration of surface
oxygen vacancies is limited by the available surface areas of fillers.

Although element doping can effectively enhance the concentra-
tion of surface oxygen vacancies, it is worth noting that excessive
element doping does not always increase the vacancy concentra-
tion. Instead, it may lead to a decrease in vacancy concentration
due to the migration of vacancies from surface into lattice bulk and
the potential coverage of vacancies by impurities.

In summary, functional fillers with abundant oxygen vacancies
were successfully synthesized by precisely regulating the doping
ratio of Gd into CeQ,. The substitution of Gd3+ for Ce** in CeO,
effectively promotes the generation of oxygen defects through the
charge compensation. When GDC-10 filler, containing the high-
est oxygen vacancy concentration of 12.2%, was incorporated into
PVDF-HFP matric, the resulting CPE-GDC-10 electrolyte exhibits
enhanced ionic conductivity (0.40 mS/cm) and a significantly in-
creased Li-ion transference number (0.59). On the one hand, the
positively charged oxygen vacancies can effectively interact neg-
atively charged anions in electrolytes, which not only promotes
the dissociation of Li salts but also inhibits the migration of free
anions. On the other hand, the Lewis acid-base interactions be-
tween oxygen-deficient GDC fillers and PVDF-HFP polymer chains
also reduce the crystallinity of the polymer, facilitating rapid Li-
ion conduction along the filler/polymer interface. As a result, the
oxygen-deficient GDC fillers can uniformly distribute the Li-ion flux
and decrease the concentration polarization, significantly suppress-
ing Li dendrite growth. Li||Li symmetric cells show prolonged cy-
cling stability of over 1500h with uniform Li plating. Li||LFP full
cell with CPE-GDC-10 delivers a high initial discharge capacity
of 146.5 mAh/g and maintains an enhanced capacity retention of
90.4% after 500 cycles. This work presents a promising strategy for
designing functional organic-inorganic composite solid electrolytes
for high-performance SSLMBs.
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