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Li metal is known as the most ideal anode material for Li-ion batteries due to its high theoretical capacity
(3860 mA h g71) and low redox potential (—3.04 V vs. SHE). However, the dendrite growth and volume
expansion caused by inhomogeneous and loose Li deposition limit the practical application of Li metal
anode. Herein, oxidized carbon cloth (OCC) modified with oxygen-containing functional groups (-
COOH, —-C-OH, C=0) is prepared by oxidation in a water bath environment. The polar oxygen-
containing functional groups enhance the adsorption capacity of Li*, reduce the nucleation barrier, and
effectively regulate the uniform distribution of Li* on carbon fiber. Meanwhile, the large specific surface
area of carbon fiber can reduce the local current density and inhibit dendrite formation. The sufficient
internal space of the OCC can store the deposited Li, effectively easing the volume expansion. As such,
the OCC]|Li half-cells exhibit a high coulombic efficiency (98.2%) after 250 cycles at 1 mA cm2. Besides,
the OCC||LiFePOy, full cell capacity is 117 mA h g after 300 cycles at 1C. The experimental results show
that the OCC prepared by a simple and efficient oxidation method plays a positive role in exploring high
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1. Introduction

To realise the future demand for high-performance energy
storage systems, the development of safe and high energy
density Li-ion batteries has become a priority.' Among the
various anode materials for Li-ion batteries (carbon-based
materials,> metals,> metal oxides,* etc.), Li-metal anode is
known as the “Holy Grail” anode due to its theoretical capacity
of up to 3860 mA h g * and low redox potential of —3.04 V
(relative to standard hydrogen electrode).” In parallel, the Li-
sulfur batteries, Li-oxygen batteries and other new batteries
composed of Li metal anode have the advantage of high energy
density.® However, Li dendrite growth and volume expansion
issues have limited the development of Li metal anode.
According to the space charge model, the space charge region is
formed on the negative surface of Li metal due to the reciprocal
migration of cations and ions during the discharge process, and
the strong negative electric field induces the uneven deposition
of Li ion to form Li dendrites, which can puncture the separator
and cause a short circuit.” In addition, the hostless nature of the
Li metal anode leads to loosely deposited Li, causing rupture of
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the SEI membrane.® The reconfiguration of the SEI film
increases its thickness and consumes Li metal, leading to
increased impedance and reduced Coulomb efficiency.’

To address the above problems, several strategies have been
proposed: (1) in situ generation of SEI membranes (through
modification of the electrolyte or chemical reaction with Li) or
construction of artificial SEI membranes;'*** (2) preparation of
solid-state electrolytes;"*** and (3) introduction of three-
dimensional framework structures (including metal-based
frameworks,'* carbon-based frameworks,'® and polymer frame-
works'’). Among them, the 3D frame structure can solve the
problem of Li dendrite growth and volume expansion simulta-
neously.” Compared with metal frames (Cu foam,* Ni foam,*
etc.) and polymer frames (PVDF),* carbon frames (carbon
nanotubes,* carbon cloth>?>* and porous carbon,* etc.) have
the advantages of low mass density and high conductivity,
which is the best choice for the development of high energy
density Li metal batteries. At present, researchers have solved
the problem of poor Li affinity of carbon materials by modifying
them with lithophilic components (Sn,*® Ag,”” ZnO,*® MnO,,*
NiO and CoF,,* etc.). However, the alloying of metals with Li
and the conversion process of metal oxides/metal sulphides
with Li cause volume expansion and partially irreversible reac-
tions, resulting in reduced Coulomb efficiency and increased
internal resistance of the battery.* In contrast, the introduction
of lithophilic polar functional groups on the surface of the
carbon cloth (CC) by means of low-cost and efficient acid
oxidation can avoid the above problems and further improve
the energy density of the battery.*>*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Herein, the oxidized carbon cloth (OCC) modified with polar
functional groups (-COOH, -C-OH, C=O0) was prepared by
simple oxidation method as the host for Li deposition. The
deposition/stripping behavior of Li on the OCC is studied, and
the volume change and dendrite growth of composite electrode
after cycling are observed. The lithophilicity of the polar func-
tional group as the active site lowers the Li nucleation barrier
and induces dense Li deposition. Meanwhile, the sufficient
internal space of the OCC can accommodate the deposited Li,
effectively improving the volume change during cycling. As
a result, the OCC-Li symmetric cells can stably cycle for 500 h at
1 mA cm %, 1 mA h em™? with a polarization voltage of 30 mV.

2. Experimental section
2.1 Synthesis of the OCC

The OCC framework was prepared by acid oxidation method in
a water bath environment. Firstly, the commercial carbon cloth
(HCP331, CC) was sonicated in deionized water (lab-made) and
alcohol (AR) for 30 min respectively to remove the surface
impurities. The CC was then placed into a configured mixed
acid solution (V H,SO,:V HNO; = 1:1, AR, Xinhua Pharma-
ceutical Co. Ltd) and magnetically stirred for 6 h at 60 °C in
a water bath environment. The oxidized OCC was washed three
times with deionized water and alcohol to remove the residual
acid, respectively, with a duration of 1 min for each wash.
Finally, the OCC was placed in a vacuum drying oven for 12 h
and then cut into circular plate with a diameter of 10 mm.

2.2 Cell assembly

Three different types of CR2032 coin cells need to be assembled
in a glove box filled with argon gas, which were half cells,
symmetric cells and full cells.

2.2.1 Half cells assembly. The OCC||Li and CC||Li half cells
were assembled with OCC and CC as working electrodes, Li foil
as counter electrode, Celgard 2320 as separator and DME
(ethylene glycol dimethyl ether)/DOL (1,3-dioxolane) (volume
ratio 1:1) with 1 M LiTFSI  (lithium  bis(tri-
fluoromethanesulfonyl)imide) added with 5% LiNO; as
electrolyte.

2.2.2  Full cells assembly. The OCC-Li||LiFePO, cells were
assembled with LiFePO, as cathode, OCC-Li as anode and 1 M
LiPFs dissolved in DMC (dimethyl carbonate)/EC (vinyl
carbonate) (volume ratio 1: 1) as electrolyte, and the diaphragm
was the same as above. In addition, The LiFePO, electrodes
were obtained by grinding a mixture of LiFePO,, super P and
poly vinylidene fluoride with a mass ratio of 8:1:1 for 1 hour.
The CC-Li||LiFePO, full cells were assembled in the same way as
described above.

2.2.3 Symmetric cells assembly. Firstly, the OCC electrodes
were predeposited with 3 mA h em ™ Li in OCC||Li half cells.
Then the half cells were disassembled to obtain the OCC-Li
composite electrodes. Finally, the OCC-Li electrodes were
used as both cathode and anode of the cells to assemble OCC-
Li||[OCC-Li symmetric cells. The CC-Li||CC-Li symmetric cells
were assembled in the same way as described above.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3 Material characterization

The X-ray diffractometer (XRD, Rigaku D/MAX-3A) with D/TeX-
Ultra point detector and Co-Ko. (A = 1.789 A) was used to
analyse the crystal structure of the materials. The tube current
and tube voltage were 40 mA and 40 kV with a scan rate of 4°/
min, respectively. The Field Emission Scanning Electron
Microscopy (FESEM, SUPRA55/SAPPHIRE) was used to observe
the microscopic morphology and dimensions of the material,
which was coupled with an X-Max Energy Dispersive Spec-
trometer (EDS) to qualitatively analyse the elements of the
samples. The accelerating voltage was maintained at 3 kV and
20 kV during the experiments using SEM and EDS, respectively.
The Fourier Transform Infrared Spectrometer (FTIR, Spectrum
3) with EverGloTM light source (15-9600 cm ') was used to
characterise functional groups and chemical bonding infor-
mation in the materials. The X-ray photoelectron spectroscopy
(XPS, Thermo Kalpha) with Al Ko radiation (E = 1486.6 eV) was
used to test the types and chemical states of elements on the
surface of materials in a vacuum (~2 x 10~° mbar). The degree
of graphitization of carbon materials and the degree of disorder
of carbon atom arrangement were characterized by Raman
Spectrometer (T64000). The laser wavelength was 532 nm.

2.4 Electrochemical characterization

For CE measurement, the OCC||Li and CC||Li half cells were first
activated for 3 cycles at 0.01-1 V at 100 pA cm > on a Land
system (CHI660D). Then, 1 mA h em ™2 Li was deposited to the
OCC and CC electrodes and stripped to 1 V under different
current densities at the same cycle.

For polarization voltage and rate performance measurement,
the OCC-Li||OCC-Li and CC-Li||CC-Li symmetric cells were
studied with 1 mA h cm 2 at different current densities on
a Land system (CHI660D). For electrochemical impedance
spectroscopy (EIS) testing, the OCC-Li||OCC-Li and CC-Li||CC-Li
symmetric cells were performed on an electrochemical work-
station (CHI660D) from 0.01 to 10° Hz. The OCC-Li||LFP and
CC-Li||LFP full cells were examined for long cycle and rate
performance on a Land system (CHI660D) in the voltage range
2.3-4.0 V.

3. Results and discussion

The preparation process of the OCC is shown in Fig. 1. The
commercial carbon cloth (CC) was placed in a beaker contain-
ing mixed acid (V H,SO,: VHNO; = 1:1) and stirred in a water
bath at 60 °C for 6 hours. Then the OCC was washed with
deionized water (lab-made) and alcohol (AR) respectively to
remove impurities and residual acids on the OCC. Finally, the
OCC was dried in a vacuum drying oven.

The diagram of Li deposition on CC and OCC is provided in
Fig. 2. The uneven deposition and aggregation of Li on CC
results in the formation of dendrite Li due to the poor lip-
ophilicity of CC (Fig. 2a). In contrast, the uniformly distributed
oxygen-containing functional groups on the OCC surface have
excellent lithiophilic, which can reduce the nucleation barrier
of Li, resulting in the uniform and dense Li deposition on the
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Fig. 1 Schematic diagram of the OCC preparation process.

surface of carbon fiber (Fig. 2b). Li repeated deposition and
stripping on carbon fiber will not produce aggregation and
shedding, which effectively inhibits the growth of Li dendrites.

The microscopic morphology of the OCC is shown in Fig. 3.
As shown in Fig. 3a, the OCC is woven with carbon fiber, which
has regular surface topography. The carbon fiber has a smooth
surface and a diameter of about 10 pm (Fig. 3b). The element
distribution map of the OCC indicates the presence of C and O
elements (Fig. 3c).

The XRD pattern is provided to analyse the crystal structures
of the OCC and CC (Fig. 4a). The OCC and CC diffraction peaks
of conspicuous large drums located at 24.5° and 43.5° corre-
spond to the (002) and (100) crystal planes of carbon, respec-
tively, proving the carbon amorphous structure. As shown in
Fig. 4b, the functional group information of the CC and OCC
surfaces is analysed using FTIR. The absorption peaks at wave
numbers of 870, 1146 and 1395 cm™ " in the spectrogram of the
OCC correspond to the stretching vibration of the C-O bond,
while the peak at 1617 cm™ " and 1675 cm™ " are caused by the
stretching vibration of the C=0 bonds in the carboxyl and

aldehyde groups, which proves that oxygen-containing func-
tional groups (-COOH, -C-OH, C=0) have been successfully
introduced on the surface of the carbon fibre by the oxidation
treatment. In contrast, the infrared spectrum of the CC has no
characteristic peaks of functional groups.

The XPS test further probes the chemical bonding informa-
tion on the CC and OCC surface. The XPS full spectrum of OCC
proves the existence of C and O elements (Fig. S1at). And C O
atomic ratios are provided in Table S1.f However, the presence
of oxygen peak in the full spectrum of CC is attributed to the
adsorption of oxygen from air by CC (Fig. S1bt). In the O 1s
spectrum of the OCC, the -C=0 (530.6 V), -COOH (532.1 eV)
and -C-OH (533.4 eV) peaks are observed, which correspond to
the FTIR test results (Fig. 4c). Tables S2 and S371 present the
fitted parameters and peak positions for O 1s, respectively. In
addition, the Raman spectra characterise the degree of carbon
disorder using the peak intensity ratio (Ip/I;) in the D and G
bands (Fig. 4d). Here, the D band represents the degree of
graphitization of carbon and G band represents the degree of
disorder of carbon. The value of I;,/I; of the OCC (1.13) is greater
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Fig. 2 The diagram of Li deposition on the (a) CC and (b) OCC.
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Fig. 3 (a and b) SEM images of the OCC. (c) EDS mapping images of the OCC.

than that of CC (1.00), indicating the increase of OCC defects,
which indirectly proves the successful introduction of func-

tional groups.
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To investigate the Li deposition behaviour on the OCC and
CC, the microscopic cross-sections of the initial OCC, CC elec-
trodes and the OCC-Li, CC-Li composite electrodes after cycling
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Fig. 5 Electrode microscopic cross-section morphology (a and d) original OCC and CC; (b and e) OCC-Li and CC-Li composite electrodes after
50 cycles; (c and f) magnifications of OCC-Li and CC-Li composite electrodes after 50 cycles.

are observed (Fig. 5). The cross-sectional thicknesses of the OCC
and CC electrodes are 295 um and 295 pm, respectively (Fig. 5a
and d). While the cross-sectional thicknesses of the OCC-Li and
CC-Li composite electrodes are increased to 315 pm and 324 um
after 50 cycles, respectively (Fig. 5b and e). In addition, the
cross-section magnification of the OCC-Li and CC-Li electrodes
after cycling shows that Li deposits uniformly on the OCC and
accumulates on the CC (Fig. 5¢ and f). The thickness variation of
the OCC-Li electrode section is smaller than that of CC-Li,
which proves that the lithiophilic OCC induces Li deposition
in the interior of the framework, effectively regulating the Li"
distribution and alleviating the volume change.

To compare the ease of Li nucleation on the CC and OCC, the
nucleation overpotentials at 1 mA cm™> and 5 mA cm™? are
tested. The nucleation overpotential is defined as the voltage
difference between the lowest voltage and the final voltage
plateau in the discharge voltage, which is normally used to
assess the difficulty of nucleation. As shown in Fig. 6a, when the
current density is 1 mA em ™, the nucleation potential, crystal
core growth potential and nucleation overpotential of Li on the
OCC are 74 mV, 32 mV and 42 mV, respectively. The nuclear
potential of Li on CC is 230 mV, and the voltage gradually rises
to 80 mV after nucleation, with a difference of 150 mV. when the
current density is 5 mA ecm 2, the Li nucleation potentials on
the OCC and CC are 92, 337 mV, crystal core growth potentials
are 27, 88 mV, and nucleation overpotentials are 65, 248 mV
(Fig. S27). The results indicate that Li has a lower nucleation
barrier on the OCC and the increase of current density will
increase the difficulty of nucleation.

To investigate the deposition/stripping reversibility of Li on
the OCC and CC, the OCC and CC electrodes are deposited with
1 mA h em™? Li and then stripped to 1 V at different current
densities. CE is defined as the ratio of stripped Li capacity to
deposited Li capacity within the same cycle. When the test
current density is 1 mA em™? (Fig. 6¢), the initial CE of the
OCC||Li is 99.5%, which is greater than that of the CC||Li
(96.2%). The CE of the OCC||Li remains at 99.1% after 250
cycles, which is attributed to the uniform distribution of

12376 | RSC Adv, 2025, 15, 12372-12381

lithiophilic functional groups on the OCC. In contrast, the CE of
CC||Li is only 70.57% after 146 cycles, indicating that dead Li is
generated during the cycle. The corresponding voltage capacity
curves show that the charge-discharge curves of the OCC||Li
with different cycle numbers have high overlap and the charge-
discharge curves of the CC||Li move to the left as the number of
cycles increases (Fig. 6b and S31). When the current density is 3
mA cm 2 (Fig. S471), the CE of the OCC||Li is 97.72% after 180
stable cycles. While the CE of CC||Li dropped after 70 cycles, and
the CE is only 68.54% when cycling 130 cycles. Increasing the
current density to 5 mA cm ™2 (Fig. 6d), the OCC||Li still main-
tain a high CE (97%) after 100 cycles, while the CC||Li fails after
30 cycles. The results illustrate that the oxygen-containing
functional groups in the OCC act as Li nucleation sites to
induce uniform deposition of Li on the carbon fibre surface,
resulting in high reversibility and stability of Li deposition/
stripping.

To explore the cyclic stability of the OCC-Li and CC-Li
composite electrodes, the OCC-Li||[OCC-Li and CC-Li||CC-Li
cells are tested at 1 mA h em™> at different current densities.
When the current density is 1 mA em™? (Fig. 7a), the OCC-
Li||OCC-Li cell can stably cycle for 500 h with a polarization
voltage of 15 mV. While the polarization voltage of the CC-
Li||CC-Li cell gradually increases after cycling for 100 h, which is
greater than the initial 52 mV. At 3 mA cm ™2 (Fig. S57), the OCC-
Li|[OCC-Li cell maintains a low polarization voltage (27 mV) for
a stable cycle of 300 h. However, the voltage of CC-Li||CC-Li cell
fluctuates after cycling for 50 h. Increasing the current density
to 5 mA cm > (Fig. 7b), the polarization voltage of the OCC-
Li|[OCC-Li cell increases (50 mV). In contrast, the CC-Li||CC-Li
symmetrical cell shows obvious voltage polarization after
cycling at a stable polarization voltage (138 mV) for 30 h. The
results show that the OCC-Li electrode has strong interfacial
stability and dendrite tolerance, while the CC-Li electrode
polarization increases due to the uneven deposition of Li and
the occurrence of side reactions during the cycle.

Meanwhile, the rate performance of the symmetric cells can
further understand the voltage polarization at different current

© 2025 The Author(s). Published by the Royal Society of Chemistry
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densities (Fig. 7c). With the variation of current density (0.5, 1,
2, 5, and 0.5 mA cm ™ ?), the polarisation voltage (15, 23, 42, 73,
14 mV) of the OCC-Li||OCC-Li cell always remains stable, while
the CC-Li||CC-Li cell exhibits significant voltage fluctuation (28,
52, 71, 270, 14 mV) at 5 mA cm ™2, which proves the excellent
rate performance of the OCC-Li. To investigate the kinetic
processes in the OCC-Li||OCC-Li and CC-Li||CC-Li cells, the EIS
is tested. The R (semicircle in the high frequency region)
represents the charge transfer resistance at the electrode/
electrolyte interface, while the Z, (the slope of the low
frequency region) represents the diffusion resistance of Li" in
the electrolyte. As shown in Fig. 7d, the OCC-Li has a smaller R,

© 2025 The Author(s). Published by the Royal Society of Chemistry

which is attributed to the more stable electrode interface of the
OCC-Li, while the larger slope of the OCC-Li in the low
frequency region proves that the Li* has stronger diffusion
kinetics. In addition, the EIS of symmetrical cells after cycling
are tested in Fig. S6.1 The increased R of CC is due to the
repeated reconfiguration of SEI.

To explore more intuitively the inhibition effect of the OCC-
Li electrode on the growth of Li dendrites, the electrode
microscopic morphology of the OCC-Li||OCC-Li and CC-Li||CC-
Li symmetric cells at 1 mA cm ™2, 1 mA h cm™? after 50 cycles is
observed (Fig. 8). As observed in Fig. 8a-c, Li is uniformly
distributed on the carbon fibre surface of the OCC-Li electrode

RSC Adv, 2025, 15, 12372-12381 | 12377
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without the formation of dendritic and mossy Li and dead Li,
suggesting that the lithophilic functional groups can induce the
dense and uniform deposition of Li. In contrast, Li deposition
on CC-Li electrodes is uneven and aggregation occurs due to its
poor affinity, while the formation of dead Li results from the
fracture of Li dendrites or the detachment of mossy Li from the
substrate (Fig. 8d-f). In addition, to check the degree of Li
consumption during the cycle, the XPS of OCC-Li and CC-Li
composite electrodes after cycling are test (Fig. S71). In the Li

12378 | RSC Adv,, 2025, 15, 12372-12381

1s of the OCC-Li and CCC-Li, the Li-O bond has a larger
proportion, which indicates that the lipophilic oxygen-
containing functional group in the OCC can adsorb Li" and
effectively reduce the consumption of active Li.

To investigate the potential of the OCC-Li as a Li metal anode
in practical applications, the OCC-Li||LFP full cells are assem-
bled using LFP as the cathode, LiPF as the electrolyte and the
OCC-Li as the anode. Meanwhile, the CC-Li||LFP full cells are
assembled for comparison. The load capacity of LFP is 9.3 mg

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Electrode morphology of symmetrical cells after 50 cycles at 1 mA cm™2, 1 mA h cm™2 (a—c) OCC-Li and (d—f) CC-Li.

em 2 (~1.60 mA h cm™?) and the pre-deposited Li capacity of
OCC-Li and CC-Li anodes are 3 mA h cm > The long cycle
performance of the full cells at 1C (1C = 172 mA g ) is
demonstrated in Fig. 9a. The initial Coulomb efficiencies of
OCC-Li||LFP and CC-Li||LFP full cells are 99.8% and 98.6%,
respectively. The OCC-Li||LFP cell has a capacity of 117 mAhg™*

after 300 cycles, which maintains a high capacity retention rate
(94.3%) and high CE (99.2%), attributed to the high interface
stability and affinity of the OCC-Li electrode. In contrast, the
capacity of the CC-Li||LFP cell is only 87 mA h g~ after 50 cycles
due to the inhomogeneous deposition of Li on the CC-Li and the
excessive consumption of active Li during the cycle. Meanwhile,
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Fig. 9 Electrochemical performance of OCC-Li||LFP and CC-Li||LFP full cells (a) rate capability; (b) the voltage—capacity curves at 1C; (c) cyclic

performance at 1C.
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the capacity-voltage curves show that the polarisation voltage of
the OCC-Li||LFP is smaller than that of the CC-Li||LFP at 1C,
which proves that the former had stronger redox reaction
kinetics. And the polarization voltage of CC-Li||LFP cell
increases obviously with the increase of the number of cycles
and the rate, indicating that the Li" dynamics of CC-Li||LFP cell
becomes slow due to the rapid consumption of electrolyte
(Fig. 9b and S8t). In addition, in Fig. 9¢c, the OCC-Li||LFP cell
shows superior rate performance (133.5, 124.5, 113.8, 93.4, and
132.7 mA h g') than the OCC-Li||LFP (101.5, 86.4, 74.1, 65.2,
101 mA h g7 ') at 0.5C, 1C, 2C, 5C and 0.5C. Therefore, the
performance of the OCC-Li electrode in the full cells demon-
strates its promising application.

4. Conclusions

In summary, the OCC as a collector for Li metal anode is
prepared by a simple oxidation method and the deposition
behaviour of Li in the OCC is investigated. The oxygen-
containing functional groups (-COOH, -C-OH, C=0)
enhance the lithophilicity of carbon fibres and lower the Li
nucleation barrier. At the same time, the polar sites can regulate
the dense and uniform deposition of Li", which avoids the
formation of dendrites and the generation of dead Li. Conse-
quently, the cross-sectional thickness variation of the OCC-Li
electrode is smaller than that of CC-Li, indicating that OCC is
effective in mitigating volume expansion. Moreover, the surface
of OCC-Li electrode after cycling is compact and uniform
without Li dendrite generation. On the electrochemical, the
OCC]||Li exhibits stable Li deposition/exfoliation at 1 mA cm >
after 250 cycles with high CE (99.1%). The OCC-Li||OCC-Li
symmetric cell is cycled stably for 500 h with a low polar-
isation voltage (15 mV). The OC-Li||LFP full cell capacity is
117 mA h g~ " after 300 h cycle at 1C. The OCC-Li anode posi-
tively impacts the development of Li metal batteries with high
energy density and long cycles.
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