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TizC, MXenes are emerging 2D materials and have attracted increasing attention in sodium metal anode
fabrication because of their high conductivity, multifunctional groups and excellent mechanical
performances. However, the severe self-restacking of TizC, MXenes is not conducive to dispersing Na*
and limits the function of regulating sodium deposition. Herein, an alkalized MXene/carbon nanotube
(CNT) composite (named A-M-C) is introduced to regulate Na deposition behavior, which consists of
NazTisO;, microspheres, TizC, MXene nanosheets and CNTs. TizC, MXene nanosheets with large
interlayer spaces and “sodiophilic” functional groups can provide abundant active sites for uniform
nucleation and deposition of Na. Plenty of nanosheets are grown on the surface of the microsphere,
thereby reducing the local current density, which can guide initial Na nucleation and promote Na
dendrite-free growth. Furthermore, CNTs increase the electrical conductivity of the composite and
achieve fast Na* transport, improving the cycling stability of Na metal batteries. As a result, at a capacity
of 1 mA h cm™2, the A-M—-C electrode achieves a high average coulombic efficiency (CE) of 99.9% after
300 cycles at 2 mA cm™2. The symmetric cells of A-M-C/Na provide a long cycling life of more than
1400 h at 1 mA cm~2 with a minimal overpotential of 19 mV at an areal capacity of 1 mA h cm~2 The A-
M-C/Na//NVP@C full cell presents a high coulombic efficiency of 98% with 100 mA g~ in the first cycle.
The strategy in this work provides new insights into fabricating novel MXene-based anode materials for
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1. Introduction

Sodium metal anodes have attracted extensive attention owing
to their high theoretical capacity (1165 mA h g ') and low redox
potential (2.71 V versus the standard hydrogen electrode) as well
as the high natural abundance and low cost of Na resources.'
More attractively, sodium metal anodes have been successfully
applied in next-generation high-energy-density battery systems
such as Na-S, Na-O, and Na-CO, batteries; these Na-based
batteries possess theoretical specific energies that are about
two times higher than that of Li-ion batteries.*” However, the
practical adoption of sodium metal anodes is still hindered by
Na dendrite formation and the high chemical reactivity between
metallic Na and electrolytes, resulting in low coulombic effi-
ciency, poor cycling stability and even severe potential safety
hazards.**® Various strategies have been devoted to solving
these problems, such as adding additives to the electrolyte,***
constructing artificial SEI films,"*"” employing an artificial solid
electrolyte interphase,’®* and designing a deposition
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framework.?*® Notably, stable host construction is a practical,
scalable, and effective method to guide the homogeneous
nucleation and growth of Na on the surface of Na metal anodes.
Among them, MXenes as outstanding Na deposition frame-
works have become a research hotpot.

MXenes, two-dimensional (2D) transition metal carbides,
have recently been regarded as promising host materials owing
to their unique physicochemical properties.>”*® The synthesis of
MXenes is generally achieved by etching “A” element layers
(mostly Al) from a layered MAX precursor using hydrofluoric
acid (HF) or combinations of fluoride salts and acids (HCl +
LiF).?*3° MXenes share a general chemical of M,,.;X,, Ty, where M
is an early transition metal such as Ti, V, and Cr; Xis Cor N; n =
1, 2 or 3; and T, denotes different surface terminations such as
O, F and OH functional groups.*** O, F and OH functional
groups can induce uniform ion flux and achieve dendrite-free
metal deposition. Moreover, MXene shows other exceptional
properties in terms of high surface area, and good mechanical
structure.**¢ Usually, Ti;C,T, is by far the most studied and
well-understood and has been used in the fields of sodium
metal anodes. For instance, Luo et al. designed Ti;C, MXene
with Sn>" pillared acting as a stable substrate for high-
performance dendrite-free Na metal anode,” in which the
Sn** intercalation between Ti;C, layers takes advantage of the
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“pillar effect” to endow the Ti;C, with larger interlayer space to
accommodate the deposited Na, contributing to uniform Na
deposition. The authors further reported 1D/2D NazTisO;,-
MXene nanostructures consisting of NasTisO;, nanowires
grown between the MXene nanosheets.*® The unique nano-
structures not only provide abundant Na nucleation sites but
also effectively confine Na nucleation in the interconnected
nanochannels, delivering outstanding cycling performance at
high current densities and high capacities.

Inspired by these studies, herein, we introduced 1D/2D/3D
hybrid nanostructures consisting of Na;Ti;O,, microspheres,
Ti;C, MXene nanosheets and CNTs to regulate Na deposition.
Larger interlayer gaps and “sodiophilic” functional groups in
Ti;C, MXene nanosheets offer a wealth of active sites for the
consistent nucleation and deposition of Na. Plenty of nano-
sheets are grown on the surface of microspheres to reduce the
local current density, which can guide the initial Na nucleation
and promote Na dendrite-free growth. The presence of CNTs
further enhances the electrical conductivity of the composites,
improving the cycling stability of the battery. The results indi-
cate that the A-M-C electrode acquires a high average
coulombic efficiency (CE) of 99% after 300 cycles at 2 mA cm >
with a capacity of 1 mA h ecm 2 At an areal capacity of
1 mA h em ™2, the symmetric cells of A-M-C deliver a long-term
cycling life (300 cycles) at 1 mA cm ™2 with a small hysteresis of
20 mV. The A-M-C/Na//NVP@C full cell presents a stable
cycling performance and good capacity retention.

2. Results and discussion

A schematic of the fabricated strategy for 1D/2D/3D hybrid
nanostructures is exhibited in Fig. 1a. First, the precursor
Ti3AlC, was etched by HCI and LiF to obtain Ti;C, MXene. In
situ generation of sodium titanate microspheres on the surface
of Ti;C, MXene under high temperature, high pressure, and low

Fig.1 (a) Schematic illustration of the fabrication steps for the A-M—
C. (b and c) SEM images of A—M. (d) SEM images of A-M-C and (d—i)
corresponding elemental mappings of C, O, F, Na and Ti elements.
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alkalinity conditions. Finally, CNT was added to increase the
conductivity of the material. Scanning electron microscopy
(SEM) of A-M shows that the microspheres with a diameter of
about 1 pm are grown among numerous monolayer MXene
clusters (Fig. 1b). It can be clearly seen that the microspheres
are formed by stacking a large number of nanosheets (Fig. 1c).
When MXene is fully alkaline, the structure of the microspheres
can be seen more clearly (Fig. Slaf). The Ti;C, MXene after
alkalization treatment has better independence without severe
aggregation such as in pristine MXene nanosheets (Fig. S1b¥).
CNTs are homogeneously distributed in the A-M, forming the
1D/2D/3D/hybrid structures (Fig. 1d). Elemental mapping
results verified the homogeneous element distribution of Na,
Ti, C, O and F in A-M (Fig. 1e-i).

The elements content and condition of A-M-C were inves-
tigated by X-ray diffraction (XRD) and Raman spectra. As shown
in Fig. 2a, a strong peak at 9.0° is assigned to the in-plane
diffraction (002) of Tiz;C, with a d-spacing of ~0.98 nm, well
consistent with that from the reported literature.*® In addition,
the (002) diffraction peak shifts towards to lower angle
compared to that in the untreated Ti;C, MXene,**** which
illustrates a larger interlayer spacing. As shown in Fig. 2b, the
Raman spectrum of A-M-C displays two characteristic peaks of
D bands (1327 cm™ ') and G bands (1576 ecm™ "), Ip/Ig values are
determined according to the area ratio of D band to G band is
1.67, which indicates a high defect in A-M-C. Further, the
surface chemistry information of the A-M-C was detected by X-
ray photoelectron spectroscopy (XPS), and the survey spectrum
displayed the presence of C, Ti, O and F elements. High-
resolution XPS spectra in the Cils region (Fig. 2c) revealed
three main peaks occurring at 281.4, 284.6 and 287.8 eV, which
may originate from Ti-C, C-C and C-O, respectively.*!
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Fig. 2 (a) XRD pattern of A~M-C. (b) Raman spectra of A-M-C. XPS
spectra of (c) C1s, (d) O 1s, (e) Ti 2p and (f) F 1s. COMSOL Multiphysics
simulation results of (g and h) the current density distribution and (j and
k) the electric field distribution near the surface of the Cuand A-M-C
electrodes. (i and 1) Schematic of the growth modes for Na plating in
bare Cu and A-M-C.
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Moreover, as shown in Fig. 2d, the O 1s spectrum shows C-C
and C-O peaks at 531.7 and 532.5 eV, respectively. Fig. 2e
exhibits Ti 2p peaks at 455.1, 458.7, 461.2 and 464.9 eV that can
be assigned to Ti-C 2p3/,, Ti-O 2p3s, Ti-C 2p4/, and Ti-O 2py,,
peaks, respectively.*>** The stronger Ti-O peaks and the weaker
Ti-C peaks indicate that the MXene is partly oxidized.** Fig. 2f
shows the F 1s peaks, indicating the presence of the F element.**
These abundant functional groups ensure dendrite-free depo-
sition of sodium. In order to demonstrate that more stable
sodium metal deposition can be achieved on the A-M-C
surface, COMSOL Multiphysics finite element simulation was
applied to simulate two electrode surfaces. As shown in Fig. 2g-
h and j-k, compared with bare Cu copper, the current density
distribution and electric field distribution on the A-M-C
surface are more uniform, because of which, A-M-C has a larger
specific surface area and abundant functional groups on the
surface; these advantages of A-M-C effectively avoid “tip effect”,
Na' is not accumulated on the tip and grown larger, which is an
important reason for the realization of sodium dendrite-free
deposition. Fig. 2i and 1 show a schematic of the growth
modes for Na plating in the bare Cu and A-M-C.

The Na plating behaviors onto the A-M-C matrix and Cu foil
were systematically investigated using a two-electrode cell
configuration (CR2032) with 1 M sodium hexafluorophosphate
(NaPF) as the electrolyte. Voltage overshooting was observed at
the two working electrodes when sodium plating occurred in
both electrode systems, this could be the result of sodium
atoms overcoming the nucleation barrier, which is referred to as
nucleation overpotential. The Na nucleation overpotential is
characterized by the difference between the flat voltage plateau
and the lowest point of the voltage dip. At a current density of
0.5 mA em > and an areal capacity of 1 mA h em™?, the initial
sodium nucleation overpotential is 25 mV on Cu, compared to
13.5 mV on A-M-C (Fig. 3a), which is mainly due to the
significant thermodynamic mismatch between Cu foil and Na
and there are strong nucleation overpotentials. The MXene
material in A-M-C with functional groups on its surface acts as
nucleation sites for Na deposition, lowering the resistance to Na
nucleation. To gain a deeper understanding of this phenom-
enon, electrochemical impedance spectroscopy (EIS) spectra
were gathered. As depicted in Fig. S2,f after 10 cycles at
a current density of 1 mA cm > with a deposition capacity of
1 mA h em ™2, the overall impedance of A-M-C anode at ~36 Q is
much lower than that of Cu anode (117 Q). These results provide
a strong rationale for the large overpotential of Cu anode, which
can be attributed to the accumulation of a SEI film, as well as its
loose and moss-like structure. CNT increases the electrical
conductivity of the material, realizing the rapid electron trans-
port, and promoting the dendrite-free growth of sodium.
Coulombic efficiency (CE) is a key indicator to assess the
sustainability of Na metal batteries, which is defined as the ratio
of the amount of the stripped Na to that of plated Na in each
cycle. The CE measurement was performed in a half-cell
configuration consisting of bare Na paired with different
working electrodes (Cu foil and A-M-C). With a current density
of 0.5 mA cm~> and an areal capacity of 1 mA h cm ™2, A-M-C
displays a higher CE and low voltage retardation, obviously
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Fig. 3 (a) Initial Na nucleation overpotentials of A-M—-C and bare Cu
foil at a current density of 0.5 mA cm™2. (b) Comparison of the
coulombic efficiency of A-M—C and bare Cu at a current density of 1
mA cm~2 for the capacity of 1 mA h cm™2. (c) The corresponding
voltage profiles of Na plating/stripping on A-M—-C and bare Cu in the
first cycle. (d) Comparison of the coulombic efficiency of A-M—-C and
bare Cu at a current density of 2 mA cm™2 for the capacity of
1mAhcm™2. (e) Typical galvanostatic discharge—charge profiles of the
A-M-C electrode at 2 mA cm™2 with capacity fixed at 1 mA h cm~2. (f)
SEM image of A~-M—C after plating Na of 1 mA h cm™2. (g) SEM image
of A-M—C after 10 cycles at 1 mA cm™ for a capacity of 1 mA h cm™2
Na. (h) Schematic diagrams of Na deposition and repeated cycling in
bare Cu and A-M-C.

superior to Cu (Fig. S3 and S4t). In addition, it can be observed
that the CE of A-M-C is stable at 99.1% over 300 cycles at
a current density of 1 mA cm™> with a deposition capacity of
1 mA h em ™2, and overpotential was only 5 mV (Fig. 3b). From
Fig. 3c, it is obvious that bare Cu electrode has a higher over-
potential than the A-M-C electrode. In comparison, Cu foil
exhibits lower CE with high fluctuation, the average corre-
sponding CE values are 83.7% before 7 cycles at the same
condition and get short-circuited. The low CE values of Cu
reflect the unstable SEI formed on the electrode interfaces,
while the large fluctuation may be ascribed to the “dead Na”
formed during the stripping process resulting from the Na
dendrites and thus the reconnection of these fractured pieces
from previous cycles. As the current density increases to
1 mA h em™?, the CE of A-M-C is maintained at 99.9% over 300
cycles with the smallest overpotential of 30 mV at a current
density of 2 mA em ™ (Fig. 3d) and the plating/stripping curves
of A-M-C are still highly coincident (Fig. 3e). The above-
mentioned CE test results show that the A-M-C material has
structural advantages, which allow the battery to maintain good
performance during the cycle. Electrochemical impedance

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy revealed the interfacial resistance of A-M-C and
bare Cu half cell.

To further understand the effects of Na plating, the
morphology of A-M-C and Cu foil was imaged following the
plating of Na after the first cycle. As shown in Fig. 3f A-M-C
displays uniform and planar morphology after Na deposition at
1 mA cm™ 2 with different areal capacities. This can be ascribed
to the unique structure and abundant functional groups of A-
M-C, which guide the uniform Na nucleation and inhibit
dendrite formation. In contrast, a mossy shape is observed for
bare Cu after plating 1 mA h em ™2 Na, which intends to form
fresh SEI and dead Na metal leading to unstable efficiency
during the plating process (Fig. S5t). Interestingly, further
increasing the plating capacity to 3 mA h cm ™2, there is still no
dendrite formed on the surface of A-M-C, proving the advan-
tage of its unique structure (Fig. S6t). In addition, morphology
characteristics of A-M-C and Cu foil are also explored after
several cycles. As expected, mossy dendrites appeared on the Cu
foil surface after only 10 cycles, while the A-M-C electrode
maintained smooth morphology without dendrite formation
after 10 or even 50 cycles (Fig. 3g and S77). Fig. 3h simulates the
deposition and cycle processes of sodium metal in different
substrates. The “sodiophilic” properties of the O and F-
containing functional groups may benefit from the increased
number of active sites on A-M-C for Na deposition, which has
a positive effect on lowering the nucleation overpotential.
Additionally, as a result of the high specific surface area of the
A-M-C skeleton, the local current density during Na deposition
can be greatly lowered, minimizing the nucleation over-
potential. Since the nucleation size and overpotential are
inversely related, homogeneous Na deposition rather than Na
dendrites can be produced more easily.

To probe the cycling stability of the A-M-C/Na symmetric
cells, two identical A-M-C electrodes were assembled, and bare
Na foil symmetric cells served as the control group. Fig. 4a
displays the extended voltage profiles of the symmetric cells at
0.5 mA cm™ > with 1 mA h em™? capacity loading. The Na//Na
symmetric cell showed low voltage polarization in the first
several cycles, however, the cell died due to the suddenly
increased voltage polarization and only cycled for 100 hours.
This could be due to the dynamic evolution of dendrites that
causes the spatial variation of the local reaction kinetics on the
electrode surface. In contrast, the A-M-C electrode showed
cyclic stability without obvious fluctuations, and the over-
potential changed very little as the cycle progressed, indicating
the stability of the internal resistance. At the beginning, the
A-M-C electrode overpotential was about 12 mV (Fig. 4b), and
the overpotential was still only 17 mV after maintaining an
ultra-stable cycle of 1700 h, affirming its high stability during
prolonged cycling, which can be ascribed to effective suppres-
sion of Na dendrites benefiting from the presence of the active
sites to control Na nucleation. When the current density was
increased to 1 mA ecm 2 and 2 mA cm 2, stable polarization in
the A-M-C electrodes with low average overpotentials of 20 mV
and 34 mV can still be achieved at long-term cycles of over
1400 h and over 1200 h, respectively (Fig. 4c, S8 and S97).
Similarly, the bare Na symmetric cell suffered obvious voltage

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Advances

»
>

- A-M-C
- Na

N
)

05mAcm?, 1mAhcm?

N A
(mV) o
S o 8

Voltage (mV) &
Yy

n A R

Voltage

5 S5 S 00 S
A
S

0 200 400 600 800 1000 1200
Time (h)

0.0 0.2 04 06 08 1.0
(Areal capacity mA h cm?)

1mAcm? 1mAhcm?

' S ~ . "
0 200~ 400 800 - 1000 4200 1400

» @
S S
a
S

L LA

5 1300 1301 1302 1303 1304 13
e (h)

FS
S
A
S

Voltage (mV) Q.
o

Voltage (mV)
o

Voltage (mV)
o

A
S

48045 46 47 48 49

Time (h)

=)
~

0 701 702 703 704 71
Time (h)

0
>

Voltage (mV) @

1mA cm?, 1 mA hcm?

»
o o

40 —1st

—300th

801 =——600th
0.0 02 04 06 08 10
Areal capacity (mAhcm?)

Fig.4 Voltage profiles of Na metal plating/stripping in A-M—-C/Na and
Na symmetric cells at (a) 0.5 mA cm~2 and (c) 1 mA cm™~2 with capacity
fixed at 1 mA h cm~2. (b) Voltage profiles of A-M—-C/Na and Na in the
1st cycle with a capacity of 1 mA h cm™2 at 0.5 mA cm 2. (d) Detailed
voltage profile of A-M-C/Na. (e) Voltage profiles of A-M-C/Na in
different cycles with a capacity of 1 mA h cm™2 at 1 mA cm~2. SEM
images of (f) A-M—-C and (g) Cu planting and stripping after 10 cycles at
1 mA cm™2 with a capacity of 1 mA h cm™2.

oscillations shortly afterward, followed by a sudden short circuit.
As can be seen in Fig. 4d, in the early cycles, the A-M-C
symmetric cell has a lower overpotential than Cu symmetric cell.
In the next cycles, the Cu symmetric cell shorted, and the A-M-C
symmetrical cell still maintained a stable cycle, indicating that
the A-M-C skeleton can significantly improve the stability of the
sodium metal anode. Furthermore, SEM was utilized to probe the
morphologies of different substrates (A-M-C and bare Na)
planting and stripping after 10 cycles at 1 mA cm > with
a capacity of 1 mA h cm > Fig. 4f shows that the A-M-C main-
tains the original structure with little dendrite or “dead Na” on
the surface. Similarly, the cycled Na electrode (Fig. 4g) exhibits
numerous moss-liked dendrites and fluffy porous “dead Na”
which accounts for the increasing polarization observed in
Fig. 4c. Overall, according to the above results, it is concluded
that the A-M-C substrate can accommodate Na effectively with
symmetrical deposition/dissolution and small polarizations,
finally improved electrochemical performances.

To explore the possible usefulness of the A-M-C electrode in
SMBs, full cells are built and tested (Fig. 5a) with A-M-C@Na
serving as the anode and Na;V,(PO,);@C as the cathode. Fig. 5b
shows the voltage profiles of the A-M-C/Na//NVP@C and Na//
NVP@C full cell at 100 mA g~ ' in the first cycle, and Fig. 5¢
demonstrates the voltage profiles of A-M-C/Na//NVP@C at
100 mA g~ in different cycles. After 660 cycles at 100 mA g,
the A-M-C/Na//NVP@C complete cell shows a respectable
capacity retention of 95.3% and a discharge-specific capacity of
97.32 mA h g~ '. On the other hand, the Na//NVP@C complete
cell's discharge-specific capacity rapidly decreases to
83 mA h g ', and after 660 cycles, the capacity retention drops

RSC Adv, 2024, 14,12030-12037 | 12033
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to 85% (Fig. 5d). It can also be seen in Fig. 5d that the A-M-C/
Na//NVP@C full cell has a high and stable coulombic efficiency
(98.7%), while the coulombic efficiency of Na//NVP@C full cell
fluctuates, indicating that its poor electrochemical stability. As
shown in Fig. S10,7 the rate performance of full cells was tested.
At the rate of 50 mA g !, the A-M-C/Na//NVP@C full cell's
capacity was 105 mA h g™, and the capacity of the Na/NVP@C
full battery was only 96 mA h g~ '; the capacity gap becomes even
more apparent as the rate increases, and the difference was the
greatest at 500 mA g ' (70 mA h g ' and 50 mA h g7, respec-
tively). The better electrochemical performance of the A-M-C/
Na//NVP@C full cell can be attributed to the structural advan-
tages of the A-M-C skeleton.

3. Conclusions

In summary, we synthesized an A-M-C skeleton with 1D/2D/3D
hybrid nanostructures that served as a Na deposition matrix to
regulate Na plating behavior. Specifically, the unique structures
consisting of Na;TisO;, microspheres, MXene nanosheets and
CNTs, the structures of which greatly increased the specific
surface area of the material and played an important role in
reducing the local current density. The Ti;C, MXene nanosheets
with larger interlayer spaces and “sodiophilic” functional groups
could provide abundant active sites for uniform nucleation and
deposition of Na. Plenty of nanosheets are grown on the surface
of the nanosphere to reduce the local current density, which can
guide the initial Na nucleation and promote Na dendrite-free
growth. Furthermore, CNTs increased the composites’ electrical
conductivity and achieved fast Na' transport, improving the
cyclic stability of anodes. Specifically, the half-cells using A-M-C
electrodes achieved a high average coulombic efficiency (CE) of
99% after 300 cycles at 2 mA cm ™2 with a capacity of 1 mAh em 2.
The symmetric cells of A-M-C provide a long cycling life (300
cycles) at 1 mA cm™ > with a minimal hysteresis of 20 mV at an

areal capacity of 1 mA h cm ™2,
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4. Experimental section
4.1 Synthesis of few-layered Ti;C,T, suspension

Ti;C,T, was obtained from Ti;AlIC, by in situ etching method
according to the previously reported method. Typically, 1.6 of
lithium fluoride (LiF) was added to 20 mL of 9 M HCI solution
under stirring. 1.0 g of TizAIC, powder was then slowly added to
the mixture after the LiF was absolutely dissolved in the solu-
tion. The reaction mixture was stirred at 40 °C for 24 h, then
centrifuged and washed with distilled water several times until
the pH of the supernatant was 6 and further diluted with
200 mL of distilled water. Finally, the diluent was ultrasonically
treated under bubbling Ar for 1 h and centrifuged at 3500 rpm
for 1 h to obtain the dark green supernatant of a few-layer Ti;C,
(20 mg mL ™).

4.2 Synthesis of A-M-C

5 mL Ti;C, suspension mixed with 30 mL DI water and 0.1 g
NaOH was dissolved to form a solution and it was followed by
the addition of 0.06 mL hydrogen peroxide. After that, the
reaction solution was kept at room temperature under contin-
uous stirring for 20 min, then transferred into a 50 mL Teflon-
lined stainless-steel autoclave. The autoclave was kept at 140 °C
for 8 h. The obtained products were washed with DI water
several times and the Ti;C, powder was obtained by freeze-
drying technology. Subsequently, CNTs and MXene powder
were dissolved in 30 mL DI water and ultrasonically treated for
30 minutes to obtain a homogeneous solution. The A-M-C
powder was obtained by freeze-drying technology.

4.3 Material characterization

SEM images and element maps were recorded using a field
emission scanning electron microscope (Zeiss Gemini 300,
Germany). TEM images were acquired on a transmission elec-
tron microscope (JEOL JEM-2100, Japan). X-ray diffraction
(XRD) patterns were collected with a graphite monochromator

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and Cu Ko, X-ray source (A = 1.5418 A) on the Rigaku D/MAX
2500/PC diffractometer. X-ray photoelectron spectroscopy
(XPS) was performed using monochromatic Al Ko radiation with
an Escalab 250Xi spectrometer (Thermo Scientific, USA). Raman
spectra were recorded at room temperature using a Raman
spectrometer (Nicolet NEXUS 670, USA). Specific surface area
measurements were conducted using a gas adsorption instru-
ment (Micromeritics, ASAP-2460 USA).

4.4 COMSOL simulations

The simulation used the physical field interface of the
secondary current distribution in the electrochemistry module
of COMSOL Multiphysics software to simulate two electrode
surfaces. In terms of material setting, the electrolyte conduc-
tivity was set to 0.45 S m™ " and the fiber conductivity to 2 x 10*
S m~". The conductivity of the Cu electrode material was 1 x 10’
S m™'; in terms of the boundary setting, the ref. 0 V potential
was set at the bottom.

4.5 Electrochemical measurements

A-M-C electrodes were typically made by combining A-M-C power
and polyvinylidene difluoride (PVDF) at a weight ratio of 8:1, N-
methyl-2-pyrrolidone was then added to create a homogenous
slurry, which was then coated onto Cu foil and dried for eight
hours at 60 °C in a vacuum environment before being punched
into a disc measuring 12 mm in diameter. The electrochemical
performances were characterized by assembling A-M-C electrodes
in CR2032-type coin cells and using the Neware battery testing
system. 1 M sodium hexafluorophosphate (NaPF6) dissolved in
diglyme (DEGDME) was employed as an electrolyte. A glass
microfiber membrane (Whatman GF-F) was used as a separator.
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