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Lithium metal is a highly promising anode for next-generation 

high-energy-density rechargeable batteries. Nevertheless, its practical 

application faces challenges due to the uncontrolled lithium dendrites growth 

and infinite volumetric expansion during repetitive cycling. Herein, a 

composite lithium anode is designed by mechanically rolling and pressing a 

cerium oxide-coated carbon textile with lithium foil (Li@CeO2/CT). The in situ 

generated cerium dioxide (CeO2) and cerium trioxide (Ce2O3) form a

heterojunction with a reduced lithium-ion migration barrier, facilitating the 

rapid lithium ions migration. Additionally, both CeO2 and Ce2O3 exhibit

higher adsorbed energy with lithium, enabling faster and more distributed 

interfacial transport oflithium ions. Furthermore, the high specific surface 

area of3D skeleton can effectively reduce local current density, and alleviate 

the lithium volumetric changes upon plating/stripping. Benefiting from this 

unique structure, the highly compact and uniform lithium deposition is 

constructed, allowing the Li@Ce02/CT symmetric cells to maintain a stable 

cycling for over 500 cycles at an exceptional high current density ofl00 mA 

cm-2. When paired with LiNi0_91 Co0_06Mn0.03O2 (NCM91) cathode, the cell 

achieves 74.3% capacity retention after 800 cycles at l C, and a remarkable 

capacity retention of81.1% after 500 cycles even at a high rate of 4 C. 

(-3.04 V vs. Standard hydrogen electrode), 
and a low ionization energy (5.39 eV).14--9 1 
However, the uncontrolled lithium den­
drite growth and the continuous volu­
metric changes during repeated Li plat­
ing/stripping pose challenges. 11°,11 1 These 
issues lead to the cyclic collapse and re­
generation of the solid-electrolyte inter­
phase (SEI), 1 12•13 1 continually consumption 
of electrolyte and active Li, the formation 
of dead Li with an increase in cell resis­
tance, ultimately resulting in low Coulom­
bic efficiency and fast capacity decay. 1 14,15 1 

In order to address the above issues, 
researchers have put much efforts on 
revealing the failure mechanism of 
lithium metal batteries and proposing 
various strategies to overcome these 
challenges. 11&---21 1 One common strategy 
is the liquid electrolyte engineering, i.e., 
the introduction of functional additives or 
modifications of electrolyte components to 
construct more robust SEI for reversible 
of lithium plating/stripping. 122•23 1 Another 
strategy is designing a stable artificial SEI 
(ASEI) on the surface of lithium metal to 

homogenize Li ion flux, and regulate the lithium deposition be­
havior, as well as building a high Young's modulus protective 
layer to inhibit the formation oflithium dendrites.124--26 1 However, 
these two modification routes failed to achieve uniform lithium 
deposition at high current densities (>10 mA cm-2 ). Particu­
larly, at higher current densities, the migration rate of lithium 
ions cannot match rapid electron transfer, forming a concentra­
tion polarization near the electrode surface, where lithium ions 

1. lntroduction

Tue demand for high-energy rechargeable batteries has grown 
e:xponentially, particularly in the realm of portable electronic 
devices and electric vehicles_ll-3 1 Lithium metal stands out as 
a promising anode to improve the energy density of the sec­
ondary batteries in virtue of its high theoretical specific ca­

pacity (�3860 mAh g-1), the lowest electrochemical potential 
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are depleted, intensifying the electric field strength, and result­
ing in the aggregation of lithium ions at the hotspot, leading to 
dendrite formation. 3D lithium metal hosts and surface modi­
fications can reduce the effective local current density, decrease 
the electrochemical polarizations and accommodate volume vari­
ation during cycling, achieve uniform plating and stripping of 
lithium metal.l27•281 

Various 3D hast designs utilize carbon materials, character­
ized by their low density, high electrical conductivity, substantial 
flexibility and mechanical strength, and easy to functionalize the 
surface.r29•3o1 Tu et aU31 1 employed zinc oxide to modify carbon 
cloth, subsequently introducing malten lithium to create a novel 
composite anode with a straw-stack-like structure. Tue compos­
ite anode demonstrated lower voltage hysteresis and a stable SEI 
compared to bare lithium. Gao et al.l32 1 adorned carbon cloth 
(CC) with uniformly distributed Pb nanoparticles. Then, malten
lithium was introduced into highly lithiophilic Pb@CC. The re­
sulting composite anode achieved an exceptionally lang cycle life
of 4684 h in a symmetric cell. Nevertheless, the fabrication of
structured lithium metal anode using the malten lithium adsorp­
tion method necessitates stringent preparation conditions. This
process demands a controlled environment devoid of water and
oxygen as well as at high-temperature (300 °C). Utilizing elec­
trochemical methods to pre-deposit a specific capacity oflithium
metal for constructing a structured composite lithium anode is
also considered as an effective strategy. For instance, in our pre­
viously reported research, aluminum oxide was coated on the
surface ofhollow carbon fibers with pre-depositing 4 mAh cm-2 

of lithium to constructed mismatch-conductivity composite an­
ode. This 3D lithium anode, exhibited remarkable cycling stabil­
ity in the full cell with low negative/positive ratioJ331 However, the
electrochemical deposition approach inevitably produces a small
amount of dead lithium because the stripping is not 100% effi­
cient, and the larger comparative area of the 3D structure trig­
gers side reactions that consume the electrolyte. Hence, the ne­
cessity for a preparation method that is both facile in operation
and practicably applicable in industrial production is paramount.
Furthermore, there is a need for further investigation into the
plating/stripping mechanism of 3D structured electrodes in the
vertical direction, particularly under high current density condi­
tions. Understanding how to optimize the utilization of the spe­
cific surface area provided by the 3D skeleton is fundamental.

Here, we designed a highly efficient Li@CeO
2
/CT compos­

ite anode employing a straightforward mechanical rolling and 
pressing method. Tue uniform CeO

2
-modified carbon textile 

(CeO
2
/CT) was created through a hydrothermal method. Follow­

ing the electrochemical activation process ofthe Li@CeO
2
/CT, an 

in situ heterojunction composed of cerium dioxide (CeO
2

) and 
cerium trioxide (Ce

2
O

3
) was generated, both exhibit higher ad­

sorbed energy with lithium (denoted as Li@CeO
x
/CT), act as a 

guidance for uniform transport oflithium ions. Moreover, our ob­
servations indicate that the heterojunction effectively reduces the 
lithium-ion migration barrier, thereby facilitating rapid lithium­
ion migration at the two-phase interface. This unique structural 
attribute enables uniform plating/stripping oflithium across the 
surface of the composite carbon fiber, fully exploiting with the 
3D skeleton's specific surface area. Notably, this design prevents 
the formation ofbulk or dendritic lithium in the void space. The 
electrochemical performance of the symmetrical cell is particu-

larly noteworthy, showcasing the ability to cycle at an exception­
ally high current density of 100 mA cm-2 for 500 cycles. When 
coupled with an NCM91 cathode, a significant 81.1 % capacity re­
tention is achieved after 500 cycles at 4 C. These remarkable re­
sults underscore the full potential of this composite anode for 
enhanced performance in energy storage applications. 

2. Results and Discussion

2.1. Characterizations ofli@CeO
2
/CT 

To increase the hydrophilicity of carbon textile (CT), the CT 
surface was modified by enveloping a CeO

2 
layer, which was 

achieved via a hydrothermal reaction following with heating treat­
ment. Specifically, the CT was first immersed in mixed acid 
(H

2
SO

4
: HNO

3 
= 1:lvol.%) to achieve complete dispersion in 

water and uniform distribution of CeO
2 

on its surface. The scan­
ning electron microscopy (SEM) images of raw and acid-treated 
CT and corresponding elemental mapping of nitrogen are shown 
in Figure Sl (Supporting Information), showing that the surface 
content of nitrogen on acid-treated CT obviously increases. Tue 
CeO

2 
/CT was then subjected to mechanical rolling, pressing, and 

cutting to finally form Li@CeO
2
/CT composite anode disks for 

cell assembly, as displayed in Figure la. Tue XRD patterns of 
acid-treated CT and CeO

2
/CT are compared in Figure lb. Tue 

strong and sharp peaks that appear at 28.6°, 47.5°, and 56.3° are 
highly coincident with CeO

2 
(PDF#97-062-1710), demonstrating 

the successful synthesis of CeO
2

. Meanwhile, the significant re­
duction of peak intensity at 26° and 44° (which belang to the CT) 
in the CeO

2 
@CT sample hints a uniform loading of CeO

2 
on 

the CT surface, thus weakened the CT peaks. Tue comparison of 
SEM images between CT and CeO

2
/CT (Figure lc,d) clearly ex­

hibited the enriched CeO
2 

on the CT surface, and the elemental 
mapping of O and Ce further certifies the uniform distribution 
of CeO

2 
on the CT surface. 

2.2. Electrochemical Behavior among Different Electrodes 

To evaluate the effect of CT and CeO
2 

on lithium deposition 
behavior of the Li@CeO

2
/CT anode, the plating/stripping tests 

were conducted in symmetric cells using pure lithium, Li@CT 
and Li@CeO

2
/CT as electrodes in carbonate-based electrolyte. A 

high cycling stability of symmetric Li@CeO
2
/CT cell is exhibited 

at 2 mAh cm-2 (15 mA cm-2) and 1 mAh cm-2 (2 mA cm-2) in 
Figure S2 (Supporting Information), in contrast, the voltage of 
symmetric pure lithium cell starts to dramatically increase after 
::::::250 h, while the short circuit occurs after 400 h in symmetric 
Li@CT cell. To evaluate the high-rate capability of the compos­
ite anode, the cells were performed at exceptionally high current 
density of 20, 50, 100 mA cm-2 at 4 mAh cm-2 , as displayed in 
Figure 2a-c At 20 mA cm-2 and 2 mAh cm-2 , the overpotential
rapidly increases to around 1 V for symmetric pure lithium cell 
(green), and then gradually decreases, but remains in a fluctuat­
ing trend. After only 10 h, lithium dendrites pierced the separator 
resulting in the short circuit of cells. In comparison, the Li@CT 
(blue) can maintain cycling ::::::250 h, accompanied by a gradual 
increase in polarizing voltage, and subsequently, a rapid short 



O

Carbon Textile (CT) Ce(OHlJ/CT Ce02'CT 

Mechanical rolling 

b -Ce02'CT
-er

CeO2 PDF#97-062-1710 

10 20 30 40 50 60 70 80 
2 Theta (Degree) 

Li@CeOi/CT 

Figure 1. Preparation and characterization of Li@CeO2/CT. a) Schematic illustration of the fabrication of Li@CeO2/CT. b) XRD patterns of CT and 
CeO

2
/CT. SEM images and corresponding 0, Ce elemental mappings of c) acid treatment CT and d) CeO

2
/CT. 

circuit occurred. Differently, the Li@CeO
2

/ CT (red) cell exhibits 
stable cycling for > 1500 cycles (300 h) without short circuit. 
This difference is even amplified at the higher current densi­
ties of 50 and 100 mA cm-2, in which both symmetric pure 
lithium cells and Li@CT cells are unable to cycle. Surprisingly, 
the Li@CeO

2
/CT cell still exhibits remarkable cycling stability 

and maintains a low overpotential of <0.5 V for >500 cycles even 
at ultra-high current density of 100 mA cm-2, which demon­
strates the fast kinetic behavior of Li ion transport for this spe­
cial designed construction, probably attributed to the synergis­
tic effect of the high specific surface area of the 3D cross-linked 
network and the uniform loading of CeO

2 
on the fiber surface. 

Meanwhile, the CTIILi and CeO
2
/CTIILi cells were assembled to 

determine the Coulombic efficiencies of the composite anodes 
(Figure 2d). The high and stable CE close to 100% was obtained 
in CeO

2
/CT cell, reveals a highly reversible lithium deposition 

formed on the CeO
2
/CT. In contrast, the CE of CT cells sharply 

fluctuated away from 100%. Tue exchange current densities (J0) 
of three different anodes were performed by Tafel curves to eval­
uate the electrochemical kinetics at the electrode/electrolyte in­
terface (Figure 2e). A clearly higher value of 1.07 mA cm-2 of 
CeO

2
/CT was calculated compared to pure Li (0.51 mA cm-2 ) 

and CT (0.83 mA cm-2 ), which suggests a faster mass transfer 

and lower surface diffusion barrier at the CeO
2

/ CT electrode, 
contributing to a more efficient electrochemical reaction and 
lower overpotential. To further investigate the interface barrier 
for lithium ion transport, the activation energies of lithium dif­
fusion in the SEI film (E

SEi
) were determined by the fitting of 

EIS results the at different temperatures (Figure S3, Supporting 
Information), where the u+ activation energy on the SEI film 
follows the Arrhenius' law (Figure 2f). The activation energy of 
Li@CeO2/ CT and Li@CT (45.51 kJ mo1-1, 38.52 kJ mol-1) is ob­
viously lower than that of pure lithium (68.98 KJ mol-1), this con­
firms the introduction of CT skeleton could clearly reduce inter­
facial energy barrier for lithiurn transport. The activation energy 
of Li@CeO

2
/ CT is slightly higher than that of Li@CT, possibly 

due to the lithiation reaction between CeO
2 

and lithium in the 
initial stage, resulting in a higher activation energy for the initial 
lithium ions to traverse the SEI. 

2.3. Deposition Morphology Analysis 

To acquire a deeper understanding of the lithium deposition be­
havior on the composite anodes, the symmetric batteries with 
different electrodes were assembled and discharged at constant 
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Figure 2. Plating/stripping behavior of symmetrical batteries with different electrodes at a) 20 mA cm-2, 7 mAh cm-2, b) SO mA cm-2, 4 mAh cm-2, 
and c) 700 mA cm-2, 4 mAh cm-2. d) Coulombic efficiencies of CT and Ce02@CT at 70 mA cm-2 for 700 cycles. e) Exchange current density obtained 
based on Tafel curve of different symmetric cells. f) Activation energy of SEI interface on different lithium metal anodes (calculated based on EIS data of 
symmetric cells tested at 70-45 °C, see Figure 53, Supporting Information). 

current, meanwhile, the morphology of lithium deposition on 
the electrodes was in situ detected by using optical microscopy 
(5 mA cm-2, Figure 3a-c). Tue figures exhibit that the surface of 
all the three electrodes appeared preliminary lithium deposition 
after initial 5 min of deposition. Specially, the pure lithium sur­
face came out some irregular "moss-like" clumps that growing 
with the deposition time. Regarding the Li@CT, a gradually color 
evolution was observed from amaranth to silver, additionally, on 
the electrode surface of a partial covering which is probably asso­
ciated with the lithium deposition and dead lithium. Differently, 
almost no difference can be detected in the Li@CeO

2
/ CT elec­

trode, it is well confirmed the uniform lithium deposition along 
the CeO

2
/ CT fibers due to the contribution from cerium oxides. 

The SEM characterization was also performed to determine 
the morphology of cycled electrodes after reduplicative plat­
ing/stripping. The symmetric cells were operated at a current 
density ofl mA cm-2 and lithium deposition capacity ofl mAh 
cm-2 . After one cycle, the surface of pure lithium (Figure 3d) ex­
hibits irregular network-wire on the lithium metal surface with 
uneven lithium growth. For the Li@CT anode (Figure 3e), partial 
lithium accumulates on the fibers rather than deposited along the 
fibers, however, which is difficult to detect in Li@CeO

2
/ CT elec­

trodes (Figure 3f), where the surfaces of Li@CeO
2
/CT fibers are 

attached with dense and uniform lithium. When the cells were 
further plating/stripping to 20 cycles, the morphology difference 
among these cycled electrodes are magnified, as seen in the pure 
lithium electrode (Figure 3g), a thick coating layer mainly com­
posed of lithium deposited products and dead lithium, accom-

panying with serious cracks which much increased the inter­
face resistance . When shifting the focus to the Li@CT electrodes 
(Figure 3h), the lithium deposited products have heavily covered 
on the fibers disabling the lithium deposition along with fibers, 
this is accordant with the result from in situ optical microscopy. 
In comparison, the Li@CeO

2
/CT electrode still maintains an un­

ambiguous fiber shape without partial large-scale lithium cover­
age, suggesting the lithium uniformly deposited along the fibers. 
Figure S4 (Supporting Information) displays the SEM of the an­
ode deposition morphology of symmetric cells at 50 and 100 mA 
cm-2 after cycling for 130 and 60 h, respectively. From the SEM, 
we can observe that even at such high current density, there is 
no dendrite formation on the surface of the composite electrode, 
further demonstrated the fast Li ion diffusion kinetic in the het­
erojunction of CeO

2
/Ce

2
O

3
. In addition, half-cells were assem­

bled to systematically assess the effect of CeO
2
/CT on the nucle­

ation behavior oflithium (Figure S5, Supporting Information). 
Pure lithium served as the counter electrode, while CeO

2
/ CT, CT, 

and pure copper foil were employed as the working electrodes 
for pairing and assembly. In order to establish a stable inter­
face layer, the electrodes underwent an initial lithiation treatment 
(0.05-1.5 V charge/discharge for five cycles at 1 mA cm-2). No­
tably, both CeO

2
/ CT and CT demonstrated relatively low lithium 

nucleation overpotentials, measuring 34 and 29 m V, respectively. 
The nucleation overpotential of CeO

2
/ CT is a little higher than 

CT, which is consist with the activation energy of Li ion diffusion 
in SEI. In contrast, the copper foil exhibited a significantly higher 
overpotential of 162 mV. This observed disparity in nucleation 
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Figure 3. Lithium plating/stripping behavior. Lithium deposition morphology observed under in situ optical microscopy for a) pure Li, b) Li/CT, and c) 
Li@CeO2 /CT electrodes. SEM morphology of d) pure Li, e) Li@/CT, f )  Li@CeO2/CT electrodes after one cycle at l mA cm-2 and l mAh cm-2, g) pure 
Li, h) Li@/CT, i) Li@CeO2 /CT electrodes after 20 cycles. 

overpotentials emphasizes the effectiveness of CeO
2
/CT and CT 

in promoting a more favorable lithium nucleation process, po­
tentially attributed to their collaborative coupling effect. 

To further investigate the underlying mechanism on the com­
posite structure's ability to facilitate uniform Li-ion transport and 
enhance fast plating/stripping electrochemical performance, X­
ray Photoelectron Spectroscopy (XPS) and Transmission Elec­
tron Microscopy (TEM) analyses were conducted. Tue composi­
tion of CeO

2
/CT after pre-lithiation has been identified, denoted 

as CeO
x
/CT. During the pre-lithiation process, CeO

2 
undergoes 

electrochemical reduction to Ce
2
O

3 
according to: 2e- + 2CeO

2 
+ 

zu+ +-> Ce
2
O

3 
+ Li

2
O.1341 However, due to the specified cutoff volt­

age of 1.5 V during the charge process, limits the full redox trans­
formation of Ce

2
O

3 
back to CeO

2
. Consequently, both CeO

2 
and 

Ce
2
O

3 
are expected to coexist in the composite material, forming 

a heterojunction. This is corroborated by the presence of Ce3+ 

in the XPS spectrum (Figure 4a).135•361 Tue TEM image reveals 
that the composite is comprised of small particles with diame­
ters falling within the range of 10-20 nm, which are in close con­
tact with each other (Figure S6, Supporting Information). Fur­
thermore, the electron diffraction patterns of the CeO

x 
obtained 

from the TEM analysis provide additional insights. These pat-

terns confirm the coexistence of both CeO
2 

and Ce
2
O

3 
within the 

composite material (Figure 4b,c), which aligns with the XPS anal­
ysis. To verify the affinity and strong interaction between CeO

x 

and lithium, density functional theory (DFT) calculations were 
employed to determine the adsorption energy of CeO

x 
on Li. Dif­

ferential charge density diagram of carbon and CeO
x 

absorbed 
lithium are shown in Figure 4d and Figure S7 (Supporting Infor­
mation). Tue adsorption energy of amorphous carbon on lithium 
were 1.259 eV. In contrast, the adsorption energy of CeO

2 
and 

Ce
2 
0

3 
on different crystal planes demonstrated notably high val­

ues (Figure 4e), indicative of a strong affinity for lithium. This 
observation implies that the carbon fibers coated with CeO

x 
pro­

vide abundant lithiophilic sites, facilitating homogeneous Li ion 
flux and guiding uniform Li plating/stripping along the CeO

x
­

coated carbon fibers. To further elucidate the mechanism behind 
the enhanced Li ion transport, the migration barrier of Li ions 
in cerium oxides was calculated and compared. As depicted in 
Figure 4f and Figure S8 (Supporting Information), the Li ion 
diffusion barriers for Ce

2
O

3 
and CeO

2 
were found to be 1.63 

and 1.21 eV, respectively. Intriguingly, the heterojunction formed 
at the interface of Ce

2
O

3 
and CeO

2 
exhibits the lowest Li ion 

migration barrier at 1.03 eV. Tue Li ion migration pathway in 
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different materials is shown in Figure S8 (Supporting Informa­
tion). This heterojunction, stemming from the coexistence of 
Ce

2
O

3 
and CeO

2
, effectively enhances the interaction between 

CeO
x 

and lithium, facilitating rapid and uniform Li ion diffu­
sion. Simultaneously, the carbon fiber's internal structure serves 
as an electron current collector, as a result, the unique structure 
ensures fast electron/ion pathways throughout the entire skele­
ton. This design enables highly reversible Li plating/stripping 
during cycling, even under an exceptionally high current density 
of 100 mA cm-2

. The orchestrated interplay between the CeO
x
­

coated carbon fibers and the heterojunction thus underscores the 
composite achieving superior electrochemical performance for 
lithium battery applications. 

The lithium plating and stripping behavior on various elec­
trodes are elucidated in Figure 5. Regarding to pure Li foil 
(Figure Sa), the initial lithium deposition is uneven, giving rise 
to the formation of lithium dendrite "seeds". These dendritic 
structures serve as initiation points for the continuous expan­
sion of subsequent lithium dendrites, ultimately leading to the 

accumulation of a substantial amount of "dead lithium." Over 
prolonged cycling periods, the presence of a large quantity of in­
active lithium contributes to rapid capacity fading. Furthermore, 
the continuous growth of dendrites may penetrate the separa­
tor, resulting in a short circuit. Li@CT electrode with high spe­
cific surface area and abundant void space can decrease the local 
current density and accommodates the volume expansion dur­
ing cycling. However, over extended cycling periods, a challenge 
emerges. Tue lithium deposition becomes less uniform along the 
carbon fiber, leading to accumulation in the void spaces. This un­
even distribution and accumulation oflithium may contribute to 
the formation of"dead lithium", resulting in capacity fading and 
diminishing overall cell performance (Figure Sb). Tue uniform 
coating of CeOx on the surface of carbon fibers plays a pivotal 
role in guiding the consistent and stable deposition of lithium 
metal along the fiber surface. This uniform deposition is facili­
tated by the heterojunction composed of Ce

2
O

3 
and CeO

2
, which 

effectively enhances the interaction between CeOx and lithium, 
promoting rapid and uniform Li-ion diffusion, and fully use the 
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large surface area. With the deposition amount increases, lithium 
metal continues to load uniformly on the substrate. Importantly, 
even after repeated charge/discharge cycles, lithium metal main­
tains the ability to achieve uniform deposition and stripping on 
the fiber surface. This constant uniformity to lithium metal is 
indicative of the stability and reliability of the Li@CeO

2
/CT elec­

trode system during extended cycling process. 
To evaluate the compatibility of composite anode in high 

energy density full cells, the high-nickel content cathode 
(LiNi0_91 Co0_06Mn0.03O2, named as NCM91) was employed as the 
positive electrode to versus Li, Li/CT, and Li@CeO

2
/CT, respec­

tively. Before long-term cycling at 1 C, the cells were cycled at 
a lower current density of 0.1 C (3 cycles) and 0.5 C (5 cycles), 
as shown in Figure Ga. Tue Li@CeO

2
/CT cell exhibits an ini­

tial discharge capacity of 238.3 mAh g-1 at 0.1 C and higher
initial Coulombic efficiency of 93.97% than that of Li (93.09%) 
and Li@CT (92.97%). More importantly, the Li@CeO

2
/CT cell 

delivers a more superior cycling stability with a capacity reten­
tion of �73.4% after 800 cycles (>80% after 600 cycles), com­
paring to 67.8% for Li@CT and 55.0% for Li, additionally, the 
average CE reaches 99.94%. The less voltage decay and lower 
voltage hysteresis in the charge/discharge curve is observed in 
Li@CeO

x
/CTIINCM91 cell (Figure 6b) in comparison to other 

two type cells (Figure S9, Supporting Information) demonstrat­
ing that the reduced cell polarization and more stabilized elec­
trolyte/anode interphase is caused by more robust SEI. To distin­
guish the fast-charging ability of the full cells effected from differ­
ent anodes, the rate capability assessment was conducted in the 
range from 0.1 to 10 C (1 C = 220 mAh g-1 ). There is no much dif.
ference atthe low currents ( <2 C), however, a clearly capacity drop 
is observed in the Lil lNCM91 once the current increases above 

2 C, which is slightly increased for the Li@CTIINCM91 cells. By 
contrast, the Li@CeO

x
/CTIINCM90 cell expresses a much en­

hanced rate performance at the high rate, the average capacity 
is 182.6, 169.8, 157.6, 143.0, and 130.1 mAh g-1 at 2, 4, 6, 8,
and 10 C, respectively, which indicates the cell obtains a capac­
ity of 130.1 mAh g-1, only need charge for 6 mins, which fully
demonstrates the excellent fast charging ability contributed by 
this novel composite anode. Tue column diagram (Figure 6d) 
exhibits more intuitively for the advantage of rate capability of 
Li@CeO

2
/CT composite anode. Long-term stability at high cur­

rent density is generally tough yet crucial performance for the 
cell configuration, Figure 6e exhibits the cycling performance of 
different cells at 4 C. The Li@CeO

2
/CTIINCM90 cell behaves a 

much superior cycling stability with capacity retention of 70% 
after 700 cycles, comparatively, the Lil lNCM90 cell only main­
tains a cycling stability to 200 cycles following a sharply capac­
ity decrease to failure, meanwhile the CE is drastically fluctuant 
�100%, similarly, an obviously performance degradation occurs 
in the Li@CTIINCM90 cell. This comparison further demon­
strates the Li@CeO

2
/CT composite anode enabling the high spe­

cific energy lithium metal batteries with outstanding fast charg­
ing ability contributing to fast ions transport kinetics. To ac­
quire the underlying reason for the superior performance in 
Li@CeO

2
/CTIINCM91 cell, the morphology of cycled electrodes 

after 800 cycles were investigated by SEM characterization. Tue 
pure lithium sheet (Figure 6f) suffered from highly uneven de­
position/stripping, resulting in severe damage of the surface 
structure and the formation of thick lithium dendrites. Mean­
while, the cathode (Figure Sl0, Supporting Information) oc­
curred severe cracks and even pulverization of the NCM particles, 
which probably give rise to the severe capacity decay displayed in 
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long-term cycling.1371 In addition, the surface of the Li@CT an­
ode (Figure 6g) shows the thick accumulation of uneven lithium 
deposition over long cycles, where lithium metal is not deposited 
along the fibers, instead of forming a thick layer covering the CT 
fibers. Tue corresponding cathode particles (Figure S 10, Support­
ing Information) coupled with the Li@CT showed less cracks 
among the particles. In contrast, the lithium metal almost evenly 
deposited along the fibers after 800 cycles for the Li@CeO

2
/CT 

anode (Figure 6h), which is ascribed to the uniform loading of 
lithiophilic CeO

x 
on the surface of carbon fibers, regulated the 

homogenous lithium deposited along the fibers. Therefore, the 
lower interface resistance in turn contributing to more stabilized 
structure of cathode particles (Figure S10, Supporting Informa­
tion), allows achieving a more stable cycling performance. We 
investigated the electrochemical behavior of the electrode within 
the voltage range of3 .0-4. 3 V using cyclic voltammetry. As shown 
in Figure S11 (Supporting Information), the lithium-ion diffu­
sion coefficients in the full cell were calculated from the CV data 
at various scan rates. Tue lithium-ion desorption diffusion coef. 
ficient was determined to be 1.81 x 10-7 cm2 s-1, while the in­
sertion diffusion coefficient was 7.24 x 10·8 cm2 s-1. Tue results 

indicate that the Li@CeO2/CT anode accelerates the kinetics of 
u+ cycling.

To exclude the effect from lithium metal anode, further cer­
tify the benefits from CeO

x
, the lithium-free cells were assem­

bled with CT and CeO
x
/CT anodes and compared in Figure 7a. 

The lithium-free electrode was cycled for five cycles at the cur­
rent density of 0.5 mA cm-2, in the range of 0.05-1.5 V for the 
pre-lithiation process, then dissembled the cell and coupled with 
NCM91. Tue high cycling stability of CeO

x
/CT cells were still 

obtained with the capacity retention of 87.2% after 200 cycles, 
exhibits its much superior stability than the CT cells, demon­
strating the crucial role of CeO

2 
in stabilizing the full cell perfor­

mance. We also characterized the lithium deposition morphol­
ogy on the surface of the CeO

x
/CT anode after 400 cycles (Figure 

S12, Supporting Information). There was no significant depo­
sition of lithium metal on the fiber surface, and the Ce and 0 
elements were still uniformly loaded on the fiber surface, indi­
cating that CeO

x 
maintained its ability to regulate and stabilize 

charge/discharge activity after prolonged cycling. Tue compari­
son of voltage profiles between CT and CeO

x
/CT cells clearly ex­

hibit the much less voltage and capacity fading in CT cells, which 
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also resulted from the suppressed polarization in the Ceü
x
/CT 

cells. 

2.4. Electrode/Electrolyte Interface Analysis 

To figure out the underlying reason for more stabilized elec­
trode/electrolyte interphase in the anode-free Ceü

x
/CT cell, the 

X-ray photoelectron spectroscopy (XPS) characterization was car­
ried out to determine the components on the pre-lithiated elec­
trodes. Tue detailed spectra of CT (top) and Ceü

x
/CT (bottom)

in the O ls, F ls, and Li ls region are compared in Figure 7d-j.
In the O ls spectrum (Figure 7d,h), in addition to common C-0
(�531.9 eV), C=O (�534.3 eV), Li

x
PO

y
F

z 
(�533.1 eV), and Li

2
O

(�530.5 eV), an additional peak was detected at 531.3 eV on the
surface of the Ceü

x
/CT electrode, which can be attributed to the

Ceü
x 

adhered on the surface of carbon fiber. Combining with
the Ce 3d spectrum (Figure 4a), which indicates that CeO

2 
coex­

ist with Ce2O3. Therefore, the peak near 531.3 eV in O ls can be 
identified as Ceü„ In the F ls region, an obviously higher LiF 
(685.0 eV) peak was observed in Ceü

x
/CT (Figure 7d,i), and the 

LiF peak in Ll ls spectrum (55.7 eV) also certified the stronger LiF 
peak in Figure 7e,f. Tue LlF component contributes to a fluoride­
rich SEI layer that has been proven facilitating to lithium trans­
port as well as more robust SEI structure,138 1 thus significantly 
improving the cycle life and suppressing dendrites growth of 
lithium metal anode. 

3. Conclusion

In summary, a high-performance composite anode was designed 
by uniformly loading lithophilic CeO

2 
on CT matrix via a simple 

rolling method. Tue heterojunction formed by the in situ gen­
eration of CeO

2 
and Ce

2
O

3 
plays a crucial role in reducing the 

lithium-ion migration barrier. This reduction in energy barrier fa­
cilitates the rapid migration of lithium ions within the material. 
Moreover, both CeO

2 
and Ce

2
O

3 
exhibit high adsorption ener­

gies with lithium, signifying strong affinity and interaction with 
lithium ions. This special designed architecture enables a stable 
lithium metal deposition/stripping at 100 mA cm-2 and 4 mAh 
cm-2. Moreover, the full cell matched with NCM91 cathode can
achieve a capacity retention of 73.4% at 1 C rate after 800 cycles,



O

and a capacity retention of 87.2% after 200 cycles was also ob­
tained with limited lithium. This simple preparation process and 
excellent performance design provide a guidance for the future 
practical application oflithium metal anode. 

4. Experimental Section

Synthesis Method: Preparation ofCeO
2
/CT: Cerium nitrate hexahydrate 

(CeN3O9-6H2O, 99.95% metals basis), sodium hydroxide (NaOH, AR, 
96%) were purchased from Aladdin. Carbon textile (WOS 1011 hydrophilic 
type) was ordered from Taiwan Carbon Energy. Nitric acid (HNO3 65-
68%), and sulfuric acid (H2SO4, 96-98%) were purchased from XILONG 
SCIENTIFIC. The CT was cut into a size of 4 x 4 cm, soaked in a mixed 
acid (H2SO4:HNO3 = l: l vol.%) at 90 °C for 9 h, and then washed alter­
nately with ethanol and deionized water for six times until the acid was 
removed (all the CT used in this work have been treated with acid wash­
ing). After dissolving l.0416 g CeN

3
O

9
-6H

2
O and 0.064 g NaOH in 70 mL 

deionized water, the CT was immersed in the mixed solution and treated 
at 220 °C for 24 h. Then the treated CT was placed in a tube furnace and 
calcinated at 500 °C for 4 h in an Ar atmosphere at a temperature rise rate 
of 5 °C/min to obtain the treated CeO2/CT. The mass loading of CeO2 in 
CT is ""l. l mg cm-2. 

Preparation ofLi@CeO2/CT: The entire process was operated in a glove 
box (02 < 0.01 ppm, H2O < 0.01 ppm) filled with Ar. The fabricated CT was 
kept at 80 °C for 8 h to completely remove moisture before being trans­
ferred to the glove box. A tablet press was used to roll the lithium sheet 
and CT together to obtain the Li@CeO2/CT composite anode (Pressure: 
6 M Pa). For comparison, Li@CT was obtained by rolling the CT without 
CeO2 with a lithium sheet using the same process. 

Material Characterization: The crystal structures of all samples were 
measured using XRD (Malvern Panalytical. Empyrean) with Cu Ka radia­
tion. The morphology and element distribution were characterized by field­
emission scanning electron microscopy (SEM, Thermo Scientific, Scios2, 
20 kV) coupled with an energy dispersive X-ray spectrometer (EDS). The 
surface chemical analysis was conducted using X-ray photoelectron spec­
troscopy (XPS, Thermo Scientific K-Alpha). The CeOx was characterized by 
transmission electron microscopy (TEM, JEOL JEM-2 l00Plus, Japan) 

Electrochemical Measurements: All electrochemical tests were carried 
out using CR2032 coin-type batteries assembled in an argon-filled glove 
box with <0.01 ppm of moisture and oxygen. The electrolyte was l M LiPF6 
dissolved in ethylene carbonate/diethyl carbonate with fluoroethylene car­
bonate and vinylene carbonate (EC:DEC = 1:1 Vol.% with 10.0% FEC, 1.0% 
VC), and commercial PP/PE/PP three-layer composite films (Celgard2325, 
25 µm) were used as separators. To fabricate NCM91 cathode for full cell 
testing, the active material of NCM91 powders were mixed with carbon 
black (C65) and polyvinylidene fluoride (PVDF) at a weight ratio of 92:4:4 
with N-methyl-2-pyrrolidone (NMP) as the solvent. The finally areal mass 
loadi ng of N CM was ""3.4 mg cm-2. The cycli ng performance was carried 
out on a standard eight-channel Neware battery lest system (CT-4008Tn) 
and LAN HE battery lest system (CT3002A). EIS measurements were per­
formed on a IVIUM nSTAT multichannel electrochemical workstation in the 
frequency range from 0.0 l Hz to 100 kHz. 1 n situ optical microscopy imag­
ing acqui red from optical microscopy to observe in situ microscopic imag­
ing of lithium-ion batteries (LIB-MS, Beijing Scistar technology Co.Ltd) 
were carried out on a CH 1 660E. 

Theoretical Calculation: The Vienna ab initio simulation package 
(VASP) was employed for our calculations,139,401 which utilized projec­
tor augmented wave (PAW) potentials to describe the interactions be­
tween valence electrons and ions.14 71 The calculation of the exchange­
correlation energy of electrons was performed using the Perdew-Burke­
Ernzerhof (PBE) parameterization within the generalized-gradient approx­
imation (GGA). A kinetic energy cutoff of 450 eV was employed for the 
plane-wave basis.1421 Amorphous carbon, CeO2, and Ce2O3 slabs were 
modeled using a 2 x 2 x l Gamma-centered grid in the Brillouin zone1431 
1 n this work, amorphous carbon was represented by single-layer graphites. 
The heterojunction composed of CeO2 and Ce2O3 is formed by splicing 
their respective (l l l) faces, and a vacuum space of 15 Ä was utilized 

above the surfaces to prevent interactions from the periodic system. The 
climbing image nudged elastic band (CI-N EB) (Henkelman et al., 2000) 
approach was employed to calculate the transition state of Li diffusion. All 
internal atomic positions were fully relaxed in a constant supercell volume 
and shape until the energy and force convergence threshold of l 0-5 eV 
and 0.03 eV Ä-7, respectively. 
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