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The practical implementation of lithium metal remains challenging because of unregulated Li dendrite
growth, which results in safety hazards and poor cycling performance. Herein, a stable three-dimensional
(3D) hybrid architecture with low voltage hysteresis is fabricated by modifying N,O-codoped carbonized-
polymer-dots (CPDs) on a carbon-based substrate (CPDs-GCC). CPDs provide an abundance of lithiophi-
lic nitrogen-containing functional groups and carbonyl groups, which can direct the homogeneous
deposition of lithium and reduce the growth of Li dendrites. Moreover, the CPD-based lithiophilic anode
reduces the migration energy barrier and activation energy of Li*, enhances the exchange current density,
and effectively enhances the ion transport kinetics and ion reaction kinetics at the electrode—electrolyte
interface. As a result, the half cells with a capacity of 3 mAh cm™ allow an ultralow voltage hysteresis of
~2 mV over 4800 h at 2 mA cm™2. The full cell with a LiFePO, cathode demonstrates outstanding cycling
stability with a capacity retention of 95% after 3000 cycles at 0.2 A g~. This study examines the factors
influencing voltage hysteresis, explores its impact on battery performance, and proposes a simple method
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rsc.li/greenchem to mitigate it. This lays the foundation for the development of high-performance batteries.

Green foundation

1. Compared to metal-based materials, carbon-based alternatives provide sustainable advantages through abundant sources and avoid mining/smelting pro-
cesses, significantly reducing production energy and non-renewable resource dependence.

2. This work demonstrates an ultra-low hysteresis Li anode via carbonized polymer dots (CPDs) on carbon current collectors. Different from metal-based
systems, CPDs feature simple, green synthesis without organic solvents or toxic heavy metals (Ni, Co), preventing environmental contamination.

3. The use of biomass small molecules as precursors for the synthesis of CPDs can further diversify the raw material sources of carbon and enhance the
potential for waste utilization. However, challenges remain in exploring the relationship between the structure of CPDs and the improvement of battery per-
formance to select appropriate biomass small molecules.

demands."”” However, uncontrollably growing dendrites, limit-
less volume expansion, nonuniform charge allocation formed

1. Introduction

Due to the very low reduction potential (—3.04 V vs. SHE) and
high theoretical capacity (3860 mAh g™'), lithium metal bat-
teries (LMBs) are considered as some of the most promising
anodes to provide energy storage and fulfill future
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on the electrode/electrolyte and cracking of the solid electro-
lyte interphase (SEI) have prevented the development of viable
rechargeable batteries with Li metal anodes.®*'> Considerable
work has been done to solve these problems, including the cre-
ation of a three-dimensional (3D) network, the fabrication of
artificial coating layers, the regulation of electrolyte com-
ponents, etc.">™8

To address these issues, controlling Li nucleation behavior
is important, which is known to be significantly impacted by
matrix surface properties.® Consequently, the modification of
3D current collectors has consistently been a key focus of
investigation in this field. A successful modification will lead
to a high coulombic efficiency (CE) and low voltage hysteresis.

This journal is © The Royal Society of Chemistry 2025
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A high CE is typically indicative of enhanced anode utilization,
while low voltage hysteresis is commonly correlated with
improved cycling stability. For instance, Yang and co-workers
produced a 3D current collector on copper foam that induced
consistent and stable Li deposition by anchoring graphene,
which maintained a CE of 97.4% at 2 mA cm ™2 after 150 cycles
and afforded an area capacity of 6 mAh cm™> at 6 mA cm™2 in
symmetric cells."® Liu and co-workers reported a gradient-
pore-size carbon skeleton as the lithium metal anode. The
anode exhibited a modest and steady voltage polarization of
~15 mV over 1000 h.*°

Although substantial progress has been made in enhancing
CE, research on voltage hysteresis remains limited. On the one
hand, the concept of voltage hysteresis remains poorly
defined, with many studies only superficially addressing it
without elucidating the underlying mechanisms, which leads
to voltage polarization being limited to approximately
10-20 mV in most materials. On the other hand, the relation-
ship between voltage hysteresis and cycling stability is not well
elucidated, hindering the analysis of abrupt changes in voltage
hysteresis during long-term cycling. Therefore, investigating
the factors influencing voltage hysteresis and their relationship
with cycling stability is of great significance.

Herein, a novel strategy is developed to modify N,O-
codoped carbonized polymer dots (CPDs) on the surface of
cotton cloth covered with reduced graphene oxide (rGO),
namely, CPDs-GCC, which can be applied as a 3D stable
lithium anode substrate to achieve ultralow voltage hysteresis
and enhance the cycling stability. The material surface is rich
in functional groups, making it have tremendous potential to
induce homogeneous nucleation and deposition of lithium
metal.>’> The electrode fabricated based on CPDs-GCC
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reduces the migration energy barrier and activation energy of
Li', increases the exchange current density, and effectively
enhances the ion transport kinetics and ion reaction kinetics
at the electrode-electrolyte interface. The experimental results
show that the N,O-codoped CPDs significantly improve the
lithiophilicity and enable stable operation for over 4800 h at
2 mA cm?, with a voltage hysteresis as low as 2 mV in sym-
metric cells. Specifically, the full cell with a LiFePO, cathode
can maintain 95% capacity (139 mAh g™') after 3000 cycles at
0.2 A g~'. Even under substantial deformation, the assembled
flexible lithium metal batteries (FLMBs) retain outstanding
flexibility and stability.

2. Results and discussion
2.1. Structure and morphology of CPDs-GCC

Scheme 1 displays the synthetic procedure of the CPDs-GCC.
Firstly, non-woven cotton cloth (CC) is chosen as the substrate
material for the Li metal anode, which is cheap and exhibits
flexible properties. The network structure of cotton cloth (CC)
exhibits a large specific surface area due to its fibrous skeleton
structure, which lowers the effective current density. After the
addition of graphene oxide (GO) and annealing, reduced gra-
phene oxide (rGO) is evenly distributed on the surface of each
CC fiber, which improves the conductivity of the substrate.
Finally, the uniform distribution of CPDs in rGO-CC (CPDs-
GCC) brings the substrate with abundant nitrogen-containing
functional groups and carbonyl groups, which will guide
uniform Li deposition with small voltage polarization.
Carbonized polymer dots were prepared based on the clas-
sical hydrothermal synthesis method.>® The morphology of the
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Scheme 1 Schematic illustration of the preparation of CPDs and the CPD-GCC substrate.
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synthesized CPDs is studied by transmission electron
microscopy (TEM). Fig. Slat shows the TEM images of CPDs
with diameters in the range of 1.3-3.4 nm. The HRTEM image
of CPDs in Fig. S1bf shows that the parallel plane spacing is
0.21 nm. A broad peak at 21° observed in X-ray diffraction
(XRD) patterns indicates the low crystallinity of CPDs
(Fig. S21). As shown in Fig. S3,T the Fourier transform infrared
(FT-IR) spectrum of the CPDs exhibits the stretching vibrations
of -OH at 3430 cm™, -NH at 2923 cm™' and C-H at
2850 cm™', the vibrational absorption band of C=O at
1635 cm™, the bending vibrations of N-H at 1570 cm™*, and
the asymmetric bending vibrations of -C-NH-C- at
1126 cm™'. Through the survey X-ray photoelectron spec-
troscopy (XPS) spectrum shown in Fig. S4a,} abundant C, O,
and N elements on the surface of the CPDs are confirmed to
be present. According to the atom content listed in Table S1,f
the contents of elements C, O and N are 71.04%, 16.83% and
12.13%, respectively. In Fig. S4b,T the peaks of C-C (284.8 eV),
C-O (286.0 eV), C-N (287.7 eV) and O-C=0 (288.9 eV) are
observed in the high-resolution C 1s of CPDs. In high-resolu-
tion N 1s, the peaks of -NH, (398.9 eV), pyrrolic N (400.3 eV)
and graphite N (401.9 eV) are observed (Fig. S4ct). As shown in
Fig. S4d,t O 1s analysis reveals three different types of oxygen
atoms: C-O (531.0 eV), O-H (531.9 eV) and C=0 (533.3 eV).
These results confirm the presence of abundant functional
groups, especially the carbonyl groups and N-containing
groups, on the surface of CPDs.

A smooth surface of CC is clearly visible from the scanning
electron microscopy (SEM) image, as illustrated in Fig. 1a. It is
shown that there are some interval gaps and pores that exist

View Article Online
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on the CC (Fig. S57). After GO is coated on CC through an easy
wetting operation (denoted as GO-CC), the color of CC changes
from white to dark brown, confirming the successful synthesis
of GO-CC (Fig. 1i). Reduced graphene oxide was coated on
cotton cloth by treating GO-CC in ammonia after annealing,
where GO was converted into rGO and CC was partially graphi-
tized (denoted as GCC). 700 °C is the optimized reaction temp-
erature for the annealing treatment (Fig. S6t). As compared
with CC, the annealed GCC has typical graphene folds with a
rough surface as shown in Fig. 1b, in which rGO is uniformly
distributed. The SEM elemental mapping image of GCC is
shown in Fig. S7, showing that C and O elements are homo-
geneously distributed in GCC.

CPDs-GCC was synthesized through simple solution immer-
sion. No distinct morphology change is observed on the SEM
images of GCC and CPDs-GCC (Fig. 1c), and the CPD-GCC sub-
strate maintains the 3D structure of CC and GCC (Fig. S8 and
S97). Additionally, each treatment step leaves the cloth flexible,
making it possible for the substrate to be folded and coiled
into various forms without compromising its structural
strength (Fig. 1i). As shown in Fig. 1d, CPDs are obviously
identified in the TEM image, confirming their uniform distri-
bution. The consistent distribution of C, O, and N elements in
CPDs-GCC is evident in Fig. le-h. Compared with the
mapping of GCC (Fig. S7t), the presence of N elements in
CPDs-GCC is attributed to the CPDs.

Confocal laser scanning microscopy (CLSM) is used to
clearly demonstrate the existence of CPDs due to the common
fluorescent nature of carbon dots (Fig. S107). After deposition,
there is an obvious fluorescent signal on the fiber of CPDs-

CPDs-GCC

Fig. 1 (a—c) SEM images of CC, GCC and CPDs-GCC. (d) TEM image of CPDs-GCC. (e—h) SEM elemental mapping images of CPDs-GCC. (i) Digital

photographs.
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Fig. 2 Confocal luminescence images of GCC (a—c) and CPDs-GCC (d—f), respectively, in bright field (a and d), dark field (b and e) and compound
field (c and f). High-resolution XPS spectra of (g) C 1s, (h) N 1s and (i) O 1s of CPDs-GCC.

GCC, which clearly shows a homogeneous distribution in
Fig. 2d-f. No fluorescent signal is found on GCC as expected
in Fig. 2a-c. The above result suggests that these CPDs are
tightly grown on the surface of GCC.

In connection with XPS, the surface information of CPDs-
GCC is also ascertained. The major elements on the surface of
CPDs-GCC are C, N and O (Fig. S11}). Compared to GCC
(Fig. S121), the CPD-GCC surface has nitrogen that is not
present on GCC, and the percentage of oxygen increases from
8.93 to 32.4 at% (Tables S2 and S37). The increase of N and O
atoms originates from the CPDs attached to the surface of
CPDs-GCC. The C-C, C-N, and O-C=0 peaks in the C 1s spec-
trum are located at 284.86 eV, 287.47 eV, and 288.44 eV,
respectively (Fig. 2g). The N 1s signals are composed of three
peaks at 400.72 eV, 402.58 eV and 403.72 eV, which correspond
to the pyrrolic N, graphitic N and N-O bonds, respectively
(Fig. 2h). As shown in Fig. 2i, O 1s signals are deconvoluted
into three peaks at 532.33 eV, 533.69 eV and 534.99 eV, which
correspond to the C-O, N-O and O-C=O, respectively. An
obvious change in XPS spectra confirms that CPDs alter the
chemical environment of the material by introducing
N-containing groups and O-containing groups on the surface.

2.2. Modulation of lithium uniform deposition by CPDs-GCC

The half cells with GCC or CPDs-GCC as substrates and Li foil
as the counter electrode were fabricated in order to study the
material as an anode for the Li metal deposition process. The

This journal is © The Royal Society of Chemistry 2025

voltage gradually enters a smooth plateau below 0 V (versus
Li*/Li) after discharging to 2.5 mAh cm™ in CPDs-GCC,
demonstrating deliberate Li deposition on the anode
(Fig. S137). Spherical metallic Li particles gradually appear
while plating 5 mAh em™ of Li in GCC (Fig. S14at). When
plating at 7 mAh ecm™, Li particles gradually grow into a
mossy morphology (Fig. S14bt). With a 9 mAh cm™ composite
anode, Li dendrites are clearly visible growing on the GCC
anode surface in Fig. S14c.} As a comparison, the SEM images
of CPDs-GCC demonstrate that Li is dispersed across the
whole host and is uniformly plated on the carbon-based frame-
work (Fig. S14df). With further plating, the surface mor-
phology of the anode still remains smooth without dendritic
Li (Fig. S14e and f¥}).

To investigate the mechanism behind the dendrite-free
lithium deposition behavior on CPDs-GCC, we calculated the
interaction energies between Li" and the most abundant func-
tional groups on CPDs, namely pyrrolic N and carboxyl
(-COOH) groups. Density functional theory (DFT) calculations
revealed that the binding energy between Li and the C=O in
—-COOH is —2.38 eV, while that between Li and pyrrolic N is
—2.76 €V, both significantly higher than the binding energy
between Li and the C-C bonds in GCC (Fig. 3a and b).>” These
higher binding energies indicate that the abundant functional
groups on CPDs serve as active adsorption sites for Li, thereby
reducing the nucleation energy barrier for Li deposition. To
experimentally verify the interaction between Li and the func-

Green Chem., 2025, 27, 9696-9705 | 9699
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Fig. 3 Schematics of the model for bonding energy calculation between Li and different functional group atoms, and its corresponding Li adsorp-
tion energies. (a) ~-COOH-Li and (b) pyrrolic N—Li. (c) XPS spectrum of Li 1s for the CPD-GCC anode after Li deposition. Simulated ion concentration
distributions during the process of Li deposition on different anodes: (d) GCC and (e) CPD-GCC anodes. (f and g) Illustration of Li plating on the

GCC and CPD-GCC anodes.

tional groups, XPS was performed on the CPD-GCC anode
after depositing 8 mAh cm™ of Li (Fig. 3c). Deconvolution of
the Li 1s spectrum yielded four peaks: the peak at 54.3 eV
corresponds to metallic Li, while the peaks at 55.0 eV and 55.8
eV are attributed to O-Li bonds (from carbonyl groups) and
Li-N bonds (from pyrrolic N), respectively. The peak at 56.8 eV
corresponds to Li-F species, originating from the LiTFSI in the
electrolyte. These results confirm the chemical interactions
between Li and the pyrrolic N and carboxyl groups on CPDs,
consistent with the DFT predictions. Moreover, similar results
were observed after 20 cycles, further confirming the stability
of these lithiophilic functional groups (Fig. S157).

To further elucidate the role of functional groups in Li
deposition behavior, COMSOL simulations were performed to
model the Li" concentration field near the electrode surface.
Due to the poor lithiophilicity of GCC, a steep Li" concen-
tration gradient developed at its surface, leading to uneven
deposition and the formation of dendritic protrusions over
time (Fig. 3d). In contrast, the incorporation of CPDs signifi-
cantly mitigated the concentration gradient at the CPD-GCC
surface, effectively suppressing dendrite growth and promoting
uniform Li" deposition (Fig. 3e). This indicates that the
addition of a CPD functional group can effectively inhibit the
development and expansion of Li dendrites (Fig. 3f and g).

The deposition morphology on the bare Cu electrode and
CPDs-GCC electrode during Li plating was also tested in open

9700 | Green Chem., 2025, 27, 9696-9705

cells (Fig. S167). After 5 min of plating, dendrites nucleate on
the surface of Cu foil. The size of the dendrites grows as the
plating progresses, while the surface morphology of CPDs-GCC
does not change noticeably in the whole process of plating.
Therefore, the CPD-GCC current collector mitigates the deadly
problem of dendritic development.

2.3. Electrochemical properties of CPD-GCC based electrodes

To investigate the electrochemical performance of the
CPD-GCC substrate, the CE test was carried out. Initially,
CPDs-GCC was cycled five cycles for the formation of a solid
electrolyte interphase (SEI). The almost coincident curves
prove that an SEI has been stably formed (Fig. S171). With an
areal capacity of 1 mAh cm™ and a current density of 2 mA
em ™2, CPDs-GCC exhibits a rather high and stable CE of 99%
over 180 cycles (Fig. 4a). The GCC, in comparison, exhibits a
quick deterioration to 77% in CE after just 110 cycles. The CE
of the CC vacillates up and down from less than 20 cycles and
reaches a full stop at 30 cycles. Impressively, while plating Li
on the CPDs-GCC with greater areal capacities of 4 mAh cm™>
and 8 mAh cm ™2, respectively, it is still able to maintain a high
and consistent CE of 95% at 140 cycles and 98% at 120 cycles
(Fig. $18%).

The amount of CPDs added has also been explored. Various
quantities of CPDs were dispersed to generate an aqueous
solution (40 mg, 70 mg and 100 mg of CPDs were distributed

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) CE of Li plating/stripping on/from the CC, GCC and CPDs-GCC at current densities of 2 mA cm™2 with an areal capacity of 1 mAh cm™2
(b) The initial voltage profiles of CC, GCC and CPDs-GCC. (c) Voltage profiles in symmetric cells of CC//Li, GCC//Li and CPDs-GCC//Li in 1 mAh
cm™2 at 2 mA cm™2 and (d) in 3 mAh cm™2 at 2 mA cm™2. Inset: magnified voltage profiles. The Li* transference number test for (€) GCC and (g)

CPDs-GCC. The EIS test for (f) GCC and (h) CPDs-GCC.

in 10 mL of deionized water), and GCC samples were sub-
merged in the three different aqueous solutions, respectively,
denoted as 40 mg CPDs-GCC, 70 mg CPDs-GCC and 100 mg
CPDs-GCC. The results reveal that 70 mg CPD-GCC cycled
stably for more than 200 cycles with a CE of more than 97%,
but 40 mg CPDs-GCC and 100 mg CPDs-GCC suffer a cata-
strophic short circuit after 80 and 40 cycles, respectively
(Fig. $197).

Furthermore, to clarify Li deposition behavior, a thorough
investigation of voltage polarization was conducted. Fig. 4b
shows a comparison of the Li plating voltage profiles on the
CC, GCC, and CPDs-GCC. There is a noticeable voltage
decrease when Li deposits on the material, and then a level
voltage plateau follows. The Li metal nucleation overpotential
is defined as the difference between the bottom of the voltage
drop and the flat part of its plateau, which is mostly deter-
mined by the properties of the substrate. The nucleation
potential of the CC was about 48 mV, which is much higher
than the nucleation potentials of the GCC (21 mV) and CPDs-
GCC (13 mV). The minimal nucleation overpotential of the
CPDs-GCC is in accordance with uniform Li nucleation.

Galvanostatic cycling performance was used to evaluate the
voltage hysteresis and long-term cycling stability of the anode
(with Li foil as the counter electrode). The cycling stability of
CPDs-GCC is maintained up to 3400 h at 2 mA ¢cm™ and
1 mAh ¢cm™, while a short circuit occurs in GCC symmetric
cells after 2850 h (Fig. 4c). For a certain current density of
2 mA cm™? at 3 mAh cm™2, these three types of symmetric coin

This journal is © The Royal Society of Chemistry 2025

cells were operated (Fig. 4d). Markedly, the CPD-GCC cell dis-
plays a stable voltage profile and an incredibly long lifespan of
4800 h, which is either better than or equal to the results that
have been previously reported (Table S4f). In contrast, the
GCC cell shows a fluctuant voltage profile with substantially
greater voltage polarization, and CC exhibits a short circuit
after 100 h. Moreover, CPDs-GCC exhibits a higher Li" transfer-
ence number. Compared with that of GCC (0.692, Fig. 4e), the
Li" transference number of CPDs-GCC reaches as high as 0.781
(Fig. 4g). Fig. 4f and h show the electrochemical impedance
spectra of the GCC cell and the CPDs-GCC cell before and after
the it test. Notably, the half-cell assembled with the CPD-GCC
anode demonstrates remarkably low voltage hysteresis and
rapid ion kinetics during galvanostatic charge-discharge
cycling. This intriguing performance prompted us to investi-
gate the underlying mechanisms in detail.

2.4. Mechanistic investigation

In symmetric cells, voltage hysteresis is defined as the differ-
ence between the steady voltage and 0 V during constant
current charge-discharge cycles. During the charging process,
Li" ions from the electrolyte migrate to the surface of the
anode, where they undergo reduction by accepting electrons
and are subsequently plated as lithium metal onto the elec-
trode. Within a specific capacity range, the charge transfer
capability at the lithium metal-electrolyte interface is adequate
to sustain the deposition and stripping of lithium. However, as
the deposition rate and capacity increase, an increasing

Green Chem., 2025, 27, 9696-9705 | 9701
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Fig. 5 Diffusion pathways of Li* on the surface of (a) GCC and (b) CPD-GCC anodes. (c) Corresponding migration energy barrier. (d)
Chronoamperometry (CA) tests for GCC and CPD-GCC cells. (e) EIS test for GCC//GCC and CPD-GCC//CPD-GCC cells. (f) Activation energy calcu-
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exchange current density.

number of lithium ions participate in charge transfer at the
interface. This surpasses the charge transfer capacity of the
lithium metal-electrolyte interface, leading to a potential
difference between the anode and cathode in the symmetric
cell, a phenomenon known as voltage hysteresis.

Therefore, the voltage hysteresis is primarily governed by
the distribution of the ionic concentration field, the diffusion/
transport rate of Li" ions, and the interfacial reaction kinetics.
As demonstrated in Fig. 3d and e, the presence of lithiophilic
functional groups on the CPDs leads to a more uniform Li"
distribution and a smaller ionic concentration gradient on the
CPD-GCC electrode surface. To further investigate the ion
diffusion kinetics, we simulated the migration behavior of Li"
ions on the surfaces of GCC and CPD-GCC electrodes (Fig. 5a
and c). The Li" migration energy barrier on CPDs-GCC (0.22
eV) is significantly lower than that on GCC (0.35 eV), indicat-
ing that Li* ions migrate more easily on the CPD-GCC surface.
As a result, at the same current density, the local ionic concen-
tration on CPDs-GCC is lower than that on GCC. The chron-
oamperometry (CA) test further supports this conclusion,
showing that Li" ions quickly enter a 3D diffusion regime on
the CPD-GCC surface (Fig. 5d).

Additionally, symmetric cells were assembled using GCC//
GCC and CPD-GCC//CPD-GCC configurations (without lithium
deposition) to evaluate the ionic conductivity of the electrodes.
As shown in Fig. 5e, the CPD-GCC electrode exhibits higher
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ionic conductivity than GCC. These findings collectively
confirm that both on the electrode surface and within the
bulk, Li* ions in CPDs-GCC can transport more rapidly,
leading to a more uniform Li" concentration field.
Subsequently, we investigated the interfacial reaction kine-
tics. Electrochemical impedance spectroscopy (EIS) was con-
ducted at various temperatures to calculate the activation
energy for Li" interfacial charge transfer on both electrodes
(Fig. S2071). As illustrated in Fig. 5f, the activation energy on
CPDs-GCC is 17.37 k] mol ™", markedly lower than that on GCC
(29.93 k] mol™"), indicating a faster interfacial reaction rate for
Li" on CPDs-GCC. The time-voltage profiles of symmetric cells
at different current densities were further evaluated. As the
%, the voltage
hysteresis increased accordingly. Compared with GCC, the

current density increased from 1 to 5 mA cm™

CPD-GCC anode cell exhibits a lower voltage hysteresis, which
can be attributed to the accelerated ion transport and inter-
facial reaction kinetics (Fig. 5g).
Additionally, we calculated the exchange current density (i)
for both materials, as shown in the following equation:
.. 2F
1l=1 R—TT’]
Here, i represents the current density, F is the Faraday con-
stant, R is the gas constant, 7 is the temperature, and 7
denotes the voltage hysteresis of the battery (Fig. 5h). Linear
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fitting analysis reveals that CPDs-GCC (i, = 3.211 mA cm™?)
exhibits a higher exchange current density compared to GCC
(ip = 2.423 mA cm™?) (Fig. 5i). This indicates that the lithiophi-
lic functional groups of the CPDs accelerate the interfacial
reaction kinetics of Li".

In summary, we believe that the introduction of lithiophilic
functional groups on CPDs-GCC is the key factor enabling the
electrode to exhibit an ultralow voltage hysteresis of 2 mV.
Compared with GCC, Li" ions arriving at the electrode surface are
rapidly dispersed due to the interaction with lithiophilic sites,
which effectively reduces the local ion concentration. Meanwhile,
at the electrode-electrolyte interface, Li" ions are quickly reduced
and deposited, promptly consuming the accumulated Li" at the
surface. This synergistic effect of enhanced surface diffusion and
accelerated interfacial reaction results in ultralow voltage hyster-
esis maintained throughout long-term cycling.

2.5. Practical application of CPDs-GCC on full cells

Employing LiFePO, as the cathode, full cells were assembled
to investigate the potential of the CPD-GCC anode in a practi-
cal battery system. Remarkably, the CPD-GCC//LiFePO, cell
exhibits outstanding cycling stability with a capacity retention
of 95% (139 mAh g™') after 3000 cycles, demonstrating the
high Li utilization of the CPD-GCC anode (Fig. 6a). However,
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after 150 and 260 cycles, respectively, the specific capacity of
CC and GCC full cells abruptly drops to a different degree.
Fig. 6b shows the rate performances in detail. The cells of
CPDs-GCC//LiFePO, demonstrate improved rate capability and
greater discharge capacities of 141, 131, 117, 96 and 139 mA
g7, respectively, at 0.5C, 1C, 2C, and 5C and return to 0.5C.
Even at high rates of 2C and 5C, the capacity retention of the
CPD-GCC cell is still higher than that of CC and GCC. Fig. 6¢
presents the voltage profiles of the CPD-GCC anode at the
0.5C, 1C, 2C, and 5C charging/discharging rates, illustrating
its remarkable cycling ability. The cycling stability of CPDs-
GCC exhibits a noteworthy level of competitiveness when com-
pared to other 3D structure Li metal electrodes (Table S47).

To further illustrate the practical utilization of the available
flexibility of the CPD-GCC anode, a LiFePO, cathode/separator/
CPD-GCC anode was employed for building a pouch cell. To
seal the electrodes, two thin sheets of aluminum plastic film
were employed, which had a surface area of roughly 3 x 3 cm?.
A flexible pouch cell (FPC) exhibits an initial voltage of 3.03 V,
and it does not change even when bent, which demonstrates
that the battery is both flexible and stable (Fig. 6d). The
voltage of two FPCs in series is 5.97 V, demonstrating the feasi-
bility of the method of connecting in series to provide higher
voltages for electronic devices (Fig. S21}). Noticeably, a CPDs-
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Fig. 6 (a) Cycling performances of the CPD-GCC//LiFePO, cell at 0.2 A g~*. (b) Rate performances at different current densities. (c) Charging/dis-
charging curves at different current densities of the CPD-GCC//LiFePO,4 battery. (d) The voltage of the CPD-GCC//LiFePO, flexible pouch cell in flat
and bending states. (e and f) CPD-GCC//LiFePO, flexible pouch cell powering LEDs in flat and bending states.
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GCC FPC powers two separate LEDs under both flat and
bending conditions, indicating a possible application in flex-
ible wearable electric devices (Fig. 6e and f).

3. Conclusions

In conclusion, we present a new approach for synthesizing a
CPD composite carbon lithium 3D collector. The CPDs, rich in
functional groups, promote uniform lithium metal growth on
the anode and enhance ion transport and deposition kinetics,
resulting in ultra-low voltage hysteresis. As a result, the
assembled symmetric battery cycles stably for over 4800 hours
with a voltage hysteresis as low as 2 mV. The full battery,
paired with LiFePO,, retains 95% of its capacity after 3000
cycles. This work explores the impact of voltage hysteresis on
performance and introduces a simple method to reduce it,
advancing the development of high-performance lithium
metal batteries.
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