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remains a great challenge, such as uneven metallic deposition and dendrite formation during cycling.
Carbon skeletons as sodiophilic hosts can alleviate the dendrite formation during the plating/stripping.
For the carbon skeleton, how to rationalize the design sodiophilic interfaces between the sodium metal
and carbon species remains key to developing desirable Na anodes. Herein, we fabricated four kinds of
structural features for carbon skeletons using conventional calcination and flash Joule heating. The roles
Graphited structure of conductivity, defects, oxygen content, and the distribution of graphite for the deposition of metallic
Deposition mechanism sodium were discussed in detail. Based on interface engineering, the J1600 electrode, which has abundant
Sodium metal batteries Na-C species on its surface, showed the highest sodiophilic. There are uniform and rich F-Na species dis-
tributed in the inner solid electrolyte interface layer. This study investigated the different Na-deposition
behavior in carbon hosts with distinct graphitic arrangements to pave the way for designing and optimiz-
ing advanced electrode materials.
© 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press All rights reserved.
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the global market for renewable energy storage, electric vehicles,
smart homes, etc..

However, the uneven growth of the dendrites of sodium metals
during cell operation is a significant serious safety issue, which
hinders its practical application [10-12]. Extensive efforts, such
as alloying reactions, electrolyte modulation, construction of artifi-
cial interphases, and the utilization of solid-state electrolytes, have
been used to control the formation of Na dendrites [13-17]. Addi-
tionally, incorporating Na metal into a three-dimensional (3D)
structure is another effective approach that can reduce volume
changes during charge and discharge cycles and minimize local-
ized current flux [18-21]. Many different materials with a 3D
structure, such as metallic or carbon-based current collectors, have
been explored [22-24]. Carbon skeleton has attracted a lot of
attention due to its controllable porous structure and surface prop-
erties [25,26]. Electrospinning technology is a versatile and
straightforward technique among various fabrication methods for
synthesizing 1D carbon nanofibers. It offers a wide range of tunable

1. Introduction

Over the last few years, lithium-ion batteries (LIBs) have domi-
nated the global market for electrochemical energy storage [1-3].
However, LIBs become more expensive as lithium resources prove
insufficient to the need for large-scale energy storage. To meet the
increasing demand for advanced energy storage systems, it is cru-
cial to explore new batteries that offer high energy density at low
cost [4-6]. Amongst the potential batteries, sodium metal batteries
(SMBs) stand out because of the abundant sodium resources (2.8
wt%) and high theoretical specific capacity (1165 mA h g~1), low
electrochemical potential (—2.71 V versus the standard hydrogen
electrode) of sodium metal [7-9]. Besides, SMBs have the potential
to replace LIBs due to the low cost of sodium resources, dominating
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macrostructures and the capability to introduce beneficial features
simultaneously [27]. Polyacrylonitrile (PAN) nanofibers using
dimethylformamide (DMF) as solvent is the most common route
to obtain carbon skeleton due to its high carbon yields and good
mechanical properties [28,29]. However, the expensive PAN
resources and environmentally unfriendly DMF solution is not
suitable for practical application. Lignin is an attractive alternative
for PAN due to their eco-friendly nature and low cost. Lignin with
highly branched structure can help generate a carbon skeleton
with good mechanical properties and abundant defects, which is
beneficial features for designing high reversible sodium anode
[30,31].

The carbon skeleton, when modified by functional groups, can
alleviate the formation of Na dendrites [32-34]. Xu et al. [35]
reported that defect-rich carbon skeletons fabricated at 700 °C
can regulate homogeneous sodium deposition. The carbon host
with porous structures can facilitate the uniform nucleation and
plating of Na metal. Although those methods alleviate correspond-
ing problems through heteroatomic engineering and morphology
design, they rarely focus on regulation of the interface for the den-
drite growth, including the carbon surface and solid electrolyte
interface (SEI). Some reports confirm that the F-rich SEI layer
enables the protection of the underlying Na metal, revealing stable
electrochemical performance. However, there is still challenge for
us to optimize the SEI structure due to uneven distributed organic
species and F-contenting species.

Herein, various hard carbons with distinct graphitic structures
are used as 3D skeletons for SMBs. Two methods, including Joule
heating and traditional heating, were used to construct different
graphitized surfaces on the carbon skeleton. Compared to car-
bonized carbon skeletons (at 800 °C), which provides sodiophilic
sites through abundant defects or function groups, the sodiated
graphitized carbon skeletons (at 1600 °C) have a higher amount
of sodium-carbon compounds on its surface, resulting in more
induce uniform sodium deposition. The co-intercalation of sol-
vated Na* into carbon skeleton is achieved by utilizing the linear
ether electrolyte (diglyme). For the first time, we have discovered
that the co-intercalation of hard carbon exhibits a high sodiophilic
property. Na can be uniformly deposited on the fiber surface with
excellent cyclic reversibility. The graphitized structure enables the
formation of an F-rich SEI layer, which is more uniform than that of
carbonized carbon skeleton and protects the composite anode from
harmful side reactions with the electrolyte. The symmetric cells
assembled with graphitized hard carbon anode display low voltage
and long cycle life. The full cell with a low N/P ratio, containing a
Na@]J1600 anode and a Nas3V,(PO4)s (NVP) cathode, maintains
excellent stability.

2. Experimental

Preparation of precursor film: The lignin powder (Shandong
Longli Biotechnology Co.), sodium hydroxide (4.0 g), phenol, and
formaldehyde with weight of 28.2, 18.8 and 58.8 g was added into
a three-neck flask. Then it was heated at 82 °C for 1 h, following at
87 °C for another 2 h. Finally, the obtained solution was stirring
overnight. For electrospinning, 12% polyvinyl alcohol solution
was mixed with the above solution. A moderate amount of deion-
ized water was further added to control the viscosity of the solu-
tion. A 10 mL syringe, with a feeding rate of 0.080 cm min~!,
was adopted to the electrospinning. The electrospinning device
(ET-2525H, Ucalery Co.) provided a high pressure between a col-
lector (Aluminum foil, —1 kV) and the needle tip (16 kV). The
obtained film was finally oxidized at 150 °C and collected for the
subsequent synthesis.
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Flash Joule heating method: ]JSJ200-II (Anhui shengjia vacuum
technology Co, Ltd) was used to flash Joule heating. Two graphite
paper spacers were used as heater placed in two copper electrodes.
The film was further stuck in the middle, contacting with the gra-
phite paper. The devices can provide maximum voltages at ~120 V
with maximum currents of ~220 A. For the flash Joule heating,
800/1600 °C can be achieved by using a charging voltage of 40 V
and a current of 40/140 A below 0.5 Pa. The obtained carbon film
was used as the electrode and marked as ]800 or ]J1600,
respectively.

Conventional calcination process: By using a tube furnace, the
film was heated at 800/1600 °C for 2 h with a heating rate of 5
°C min~! under an Ar atmosphere. The obtained carbon film was
used as the electrode and marked as C800 or C1600, respectively.

Characterizations: The X-ray diffraction (XRD) spectra were
obtained through Rigaku Ultima IV with a voltage of 30 kV and a
current of 10 mA. Zeiss SIGMA and Tecnai F30 was used to observe
the microstructure of the sample. The Raman spectra were
obtained by using the XploRA PLUS equipped with a laser at the
wavelength of 532 nm. X-ray photoelectron spectroscopy (XPS)
spectra were obtained by a Thermo Scientific K-Alpha. The in-
situ optical microscope was carried out by using the Nikon
SMZ745 device. The electrodes after 10 cycled were used for SEI
analysis, whichdisassembled and washed with diglyme, following
transferred under an Ar atmosphere. The conductivity is measured
by the RTS-8 four probes tester. The carbon film was cut into
3 cm x 4 cm and then transferred to the test table. The conductiv-
ity was tested three times and shown in the average value.

Electrochemical tests: The fabricated carbon film with a diame-
ter of 9 mm (~1.5 mg cm2) was used as electrode. The electrode
was paired with Na foil and assembled into coin-type half cells
(CR2032) by filling with 120 pL electrolyte (1.0 M NaPFg in
diglyme) to obtained carbon/sodium electrode. The symmetrical
cell was assembled with the same carbon/sodium electrode with
a Na capacity of 6 mA h cm 2, corresponding to ~805 mA h g~!
specific capacity of the composite Na anode. The separator is glass
fiber membrane. The Land CT 2001A tester was used to obtain the
electrochemical performance. The full cell was used the same elec-
trolyte and membrane as half-cell, while carbon/sodium electrode
and NasV,(PO,4); were used as the anode and cathode. All the tests
were carried out at ambient temperature (~25 °C).

Calculations: Gaussian 16 software with the density functional
theory (DFT) method is used to design and analysis the adsorption
model. The complex models were optimized at the level of M062X-
D3/6-311 + G (d, p)/SMD (Diglyme) with the static dielectric con-
stant of 7.4. Single point energies and MOs were calculated at the
MO062X-D3/def2QZVPPD/SMD (Diglyme) level, and the composi-
tion of MOs was analyzed by the Mulliken method using the Mul-
tiwfn software.

3. Results and discussion

3.1. Synthesis and characterizations of various graphitized carbon
fibers

The hard carbon precursor is prepared by using the electrospin-
ning method with a lignin-based solution as described in our pre-
vious reports [36,37]. Subsequently, the hard carbon is fabricated
through calcination/flash Joule heating. Typically, the conventional
carbonization with a slow heating rate (5 °C s~!) needs hours to
finish a heating stage, while flash Joule heating with an ultrafast
heating rate (~1000 °C s~!) finishes a heating process within sec-
onds (Fig. 1a and b). By regulating the heating time and tempera-
ture, four distinct carbonized/graphitized carbon films (J800,
J1600, C800, and C1600) are obtained and shown in Fig. 1(c).
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Fig. 1. (a) Schematic of the joule heating method. (b) Time-temperature curve of joule heating process. (c) Schematic synthesis of carbon host with different graphited
structures by conventional carbonization and flash Joule heating. HRTEM images of (d) J800, (e) J1600, (f) C800 and (g) C1600.

After undergoing various carbonization processes, the carbon
film is composed of interlaced fibers, which maintains excellent
mechanical properties (Fig. S1). All the film can recover its original
shape after multiple bends and folds (Fig. S2). The microstructural
of the carbon film is characterized by high-resolution
transmission electron microscopy (HRTEM, Fig. 1d-g and Fig. S3).
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As shown in Fig. 1(d and f), J800 and C800 deliver an amorphous
structure without any graphite domains. In contrast, the C1600
has abundant graphite domains that are randomly distributed
within the fiber, with an interlayer spacing of 3.7 nm (Fig. 1g).
Notably, graphitic layers are distributed along the surface of
J1600 in a long and orderly manner. The graphite layer in J1600
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has a thickness of 4.5 nm and the interlayer spacing is calculated to
be 3.5 nm (Fig. 1e). The more uniform the graphitic layer, the more
uniform the co-intercalation. XPS characterizations of various car-
bonized samples further verifie the distinct graphited structures on
the surface of the fibers. The surface depth of inorganic materials
analyzed by XPS is near 10 nm, which only reveal the chemical
state on surface area. In the high-resolution C 1s spectra, the sp*-
C (graphite, at ~284.0 eV) and sp>-C (hybrid, at ~284.8 eV) can
be clearly distinguished (Fig. S4) [38,39]. The J1600 shows a much
stronger sp>-C peak compared to other samples, suggesting the
presence of a graphite layer. Moreover, the broad and asymmetric
tail appearing at a high binding energy around 292.0 eV is evidence
of a high concentration of sp?-C in the J1600 [40]. The ratio of sp>-C
to sp>-C is used to determine the degree of graphitization, which is
calculated as 0.37, 0.50, 1.20, and 4.54 for J800, C800, C1600, and
J1600, respectively. In the surface region, the J1600 delivers the
highest level of graphitization. Table S1 shows that the low oxygen
content of J1600 (3.5%) suggests the presence of an order graphited
structure on the surface. On the other hand, the function group in
J1600 cannot induce uniform sodium deposition. The high-
resolution of O 1s spectra reveal a dominant C=0 peak located at
530.8 eV and minor peaks attributed to C-O (Fig. S5). Compared
with the sample heating at high temperature, J800 and C800 exhi-
bit much higher oxygen content than those of J1600 and C1600.
The abundant oxygen species in the samples can provide sodio-
philic sites for sodium deposition [35].

While XPS was used to reveal the chemical state on the surface
area, Raman and XRD can obtain the structural information over
the whole sample. The degree of graphitization at the bulk level
is characterized by X-ray diffraction (XRD) and Raman spec-
troscopy. Different from the highest level of graphitization
observed in the XPS result for J1600, the C1600 sample exhibits
the strongest and sharpest (002) peak among the four samples
(Fig. S6). It means the C1600 has the highest degree of graphitiza-
tion throughout the whole film. The R-factors, calculated based on
the value of (002) peak intensity (B) and the background intensity
(A), for four samples are as follows: 1.75 for J800, 1.78 for C800,
1.86 for J600 and 1.88 for C1600 (Fig. S5) [41,42]. The graphitiza-
tion of the Joule heating sample is slightly lower than that of the
conventional carbonization sample under the same heating tem-
perature because the ultra-fast heating time effectively alleviated
the graphitization of carbon species. The trend in Raman spectra
is also consistent with XRD results (Figs. S8 and S9). The Ip/I¢ ratio
is 3.9, 3.0, 2.8, and 2.4 for ]800, C800, J1600, and C1600,
respectively.

The above results indicate that four kinds of HC are fabricated
by changing the carbonization method and temperature. As shown
in Table S1, the C800 is typical amorphous carbon with good con-
ductivity. The graphitization of J800 is lower than C800, leading to
poor conductivity. In contrast, the C1600 has the highest degree of
graphitization, with randomly distributed abundant graphite
domains. The J1600 has a unique graphitized structure with mod-
erate graphitization at the bulk level, where the order graphite
layer grows along the fiber surface.

3.2. Electrochemical analysis

The asymmetric cells (CF@Na||CF@Na) were assembled to eval-
uate the electrochemical performance, as CE directly measures the
plating/stripping reversibility. Initially, a metal Na with a capacity
of 1 mA h cm~2 was plated onto the host using the current density
of 1 mA cm~2. As shown in Fig. 2(a), the Na deposition on J1600
reveals the lowest nuclear overpotential of 21 mV. In contrast,
the nuclear overpotential of Na was approximately near 30 mV
for J800, C800, and C1600 electrodes. Under the current density
of 1 mA cm 2, the J1600 is able to provide an average CE of approx-
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imately 99.8% for 450 cycles (Fig. 2b). The J800@Na, C800@Na, and
C1600@Na symmetric cells are short circuit after working for 335,
400, and 380 cycles, respectively. The voltage profiles for plating/
stripping of J1600 are shown in Fig. 2(c). The host reveals a low
nuclear overpotential of 21, 33, 38, 43 and 60 mV at 1, 50, 100,
200, and 400 cycles, respectively. Then, the symmetric cell is
assembled by using various CF@Na electrodes, cycling at the cur-
rent density of 1 mA cm~! with a Na capacity of 1 mA h cm™ .
The Na|| Na symmetric cell was also assembled; however, it only
works for less than 30 h, suggesting poor reversibility (Fig. S10).
Among the four electrodes, the J800@Na symmetric cell occurred
short circuits within 100 h of operation. After operating for
1000 h, a short circuit occurred in the C1600 symmetric cell. In
contrast, the C800@Na and J1600@Na symmetric cell sustains
reversible plating/stripping for 2000 h. The J1600@Na symmetric
cell reveals a stable voltage hysteresis of 13 mV, while the
C800@Na symmetric cell reveals an unstable voltage hysteresis
during cycling (Fig. 2d and e). For rate performance, only the
J1600@Na symmetric cell delivers a steady voltage profile under
the current density of 0.5, 1, 2, 3, 4 mA cm 2 (Fig. 2f). The voltage
profile also maintains stability when the current density returns to
0.5 mA cm~2 Compared with others carbon-based/Na composite
anode, the J1600/Na delivers lower voltage hysteresis and excel-
lence cycling stability (Table S2).

Checking for inductive loops, or the absence of an imaginary
loop, with impedance spectroscopy also be used to identify the
presence of electronic shorts. As a control cell, the Na||C cell was
assembled. As shown in Fig. S11(a), a health Na||C cell display a
typical inductive loop consisting of a semicircle at high frequency
region and straight line at low frequency region. In contrast, a short
circuit Na||C cell does not exhibit an inductive loop in EIS test. In
Fig. S11(b), the J1600-Na||J1600-Na after 10 or 100 cycles reveal
a curve similar to the health Na||C, suggesting its well working sit-
uation and excellent cycling stability. The Na||Na symmetric cell
also maintains health working after 10 cycles. However, the Na||
Na symmetric cell is short-circuited after more than 20 cycles
and its EIS curve also reveals a useless shape.

The correlations among conductivity, graphitization, C/O ratio,
Csp2/Csp3 ratio, and Na plating/stripping behavior of SCNFs are
established and shown in Fig. 2(g). Although the J800 host exhibits
abundant oxygen functional groups and defects, it displays poor
reversibility during the plating/stripping process due to its low
conductivity (0.17 S cm™"). In contrast, the C800 host, which also
possesses abundant oxygen functional groups and defects, exhibits
good stability due to its increased conductivity (3.26 S cm™'). The
amorphous, defect-rich carbon structure derived from an aromatic
lignin precursor provides acceptable sodiophilicity, as previously
reported [35]. Interestingly, the carbon host, fabricated at a high
temperature with low defects or oxygen groups, delivers good
sodiophilicity, or even superior sodiophilicity compared to C800.
The J1600 host has the lowest oxygen content and the highest
Csp2/Csp3 ratio among the four samples. This indicates that the high
sodiophilicity of J1600 is not primarily influenced by functional
groups or defects. Based on the different voltage profiles of the
electrodes mentioned above, it can be inferred that the electro-
chemical behaviors during the discharge process and the struc-
tures of the SEI film are crucial factors in determining
sodiophilicity.

3.3. Impacts of SEI structure and carbon species

The structural evolution of the carbon host is monitored by the
ex-situ XPS test (Fig. 3 and Figs. S11-S15). Prior to etching, the C 1s
spectra of the fully discharged electrodes are divided into five pri-
mary carbon species, including C-Na, C-C, C-0, C=0, and C-F
(Fig. S11) [43,44]. It is worth noting that the C-Na compound is
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Fig. 2. (a) Voltage profiles showing the initial nucleation overpotentials of sodium deposition on J800, J1600, C800 and C1600 at 1.0 mA cm 2

. (b) Coulombic efficiency of

sodium plating and stripping on four electrodes. (c) Voltage profiles of J1600 at different cycles. (d) Cycling stability of the symmetrical cell with various Na/C electrodes at
current densities of 1 mA cm~2 with a specific capacity of 1 mA h cm~2. (e) Enlarged plots at 500-525, 800-825, 1500-1525 and 1800-1825 h for J1600. (f) Rate performance
of the symmetrical cell with various Na/C electrodes at different current densities of 0.5, 1, 2, 3, 4 mA cm 2. (g) Normalized influence curve of O content, conductivity, Ip/Ig, R?

and Cgpz/Csp3 on the stability.

exclusively observed in J1600 and C1600 (Fig. S11c and d). During
the initial stages of plating, Na ions preferentially adsorb onto the
graphite surface rather than crystallize into Na bulk. The low lat-
tice mismatch between Na and graphite further induces the uni-
form electrodeposition. Therefore, the presence of a well-ordered
quasi-graphite layer on the surface of the J1600 or the randomly
distributed graphite domains in C1600 enhances their sodiophilic
properties. As depicted in F 1s spectra, the primary species on
the outermost surface for C800, C1600, and J1600 are mainly C-
F, with a small F-Na component (Fig. S12) [45,46]. The J800 reveals
three main peaks corresponding to C-F, F-P, and F-Na. The pres-
ence of anomalous constituents in the J800 could be attributed to
the unstable decomposition of electrolytes, which is caused by
poor conductive properties.

The evolution of XPS spectra with varying etching depths is
shown in Fig. 3(a-h). In the figures, an upward arrow indicates
an increasing trend in intensity, a downward arrow indicates a
decreasing trend, and a horizontal line represents relative stability.
With increasing etching depth, the signals in the C 1s spectra asso-
ciated with many organic peaks change slightly (Fig. 3a-d). The
signals in C800, C1600, and ]J1600 reveal a consistent trend of
decreasing C-F species. The F 1s spectrum demonstrates a distinct
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gradient trend during 10 nm sputtering, shifting from a dominant
C-F composition with a secondary composition of and F-Na to a
dominant F-Na with a secondary composition of C-F (Fig. 3e-h).
Furthermore, while the SEI layer of the pristine J1600 electrode
exhibited a chemical composition and distribution of chemical spe-
cies similar to that of the C1600 electrode, there is a significant dif-
ference in the varying NaF content between the two due to their
distinct surface structures. Before the etching depth of 10 nm,
the NaF content in the SEI layer of J1600 increased sharply to reach
a peak value and then stabilized with subsequent etching (Fig. 3i-
1). Extended the etching to a depth of 20 nm resulted in an almost
overlapping F 1s spectra with those obtained at 10 nm, indicating
the stable chemical composition of the SEI film (Figs. S11-S15).
In contrast, the C1600 and C800 reveal an uneven distribution of
organic and inorganic fluorine components within a 20 nm range.
On the J1600 surface, there is more uniform F-Na species com-
pared to others electrodes. Besides, with increasing etching depth,
the rate of change in composition content tends to moderate. It is
reasonable to speculate that the SEI film will achieve stability at a
greater depth.

Based on the above analysis, the mechanism of Na deposition
on four kinds of hosts is summarized (Fig. 3m). Although the
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(m) The mechanism of Na deposition on four electrodes.

]800 contains abundant oxygen functional groups, the poor con-
ductivity of the sample leads to the formation of an SEI film lacking
F-Na. These properties lead to the localized aggregation of elec-
trons and continuous side reactions, ultimately resulting in the for-
mation of sodium dendrites. In contrast, the SEI on €800, C1600,
and J1600 have similar components. The outer layer is dominated
by unevenly distributed organic species, while the inner layer
becomes homogeneous and consists of abundant inorganic com-
pounds such as NaF and Na,COs;. Compared to the C800 and
C1600, the outer layer of the SEI on the J1600 is thinner, indicating
its superior electrochemical stability. For the inner layer, NaF
demonstrates exceptional Na* ion conductivity while remaining
electronically unreactive. Due to these characteristics, the SEI layer
is capable of maintaining a high transference number of Na ions
and ensuring a uniform distribution of Na ions across the electrode
surface. This effectively enhances the stable electrochemical per-
formance. The C800 has abundant oxygen functional groups to
effectively facilitate the uniform distribution of metallic sodium
among the carbon species in the host. In contrast, the co-
intercalation of C-Na species in C1600 and J1600 promotes the
adsorption and electrodeposition of Na ions. Additionally, the long
and uniform quasi-graphite layer on the surface of J1600 imparts
better electrochemical stability compared to C1600.
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The adsorption energy of Cgpa, Csp3 Co and Cgefect for solvated
Na* further prove the fast adsorption behavior (Fig. S16). The sol-
vated Na*, that is Na*(Diglyme),PFg, is chosen as the model to be
adsorbed with different carbon species. All the adsorption energy
is negative, suggesting that the adsorption process can occur spon-
taneously. The higher adsorption energy of Co and Cgefect indicates
that the adsorption is easier occurs on the Co and Cgyefect. The oxy-
gen group and defects can enhance the sodiumphilic properties of
the carbon backbone by facilitating interactions with Na* ions.
Compared with the adsorption energy of Cgps, the Cgp delivers
higher adsorption energy, suggesting the facilitating adsorption
process in Cgp,; at the absence of oxygen and defect effects.

3.4. Sodiophilicity of carbon skeleton

To demonstrate the sodiophilicity of different carbon skeletons,
two methods, including electrochemical deposition and molten
sodium, are explored. As shown in Fig. 4(a), at a current density
of 1 mA cm~' and a minimum plating capacity of 1 mA h cm™’,
Na exclusively occupied the surface of the fiber. The irregularly
shaped sodium dendrites are disorderedly distributed on the sur-
face of J800, suggesting its sodiophobic property. For C1600, a

number of large Na particles are observed, corresponding to the
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1 mAh cm?

Fig. 4. SEM morphology evolution of (a)J800, (b) J1600, (c) C800, (d) C1600 electrodes filling with deposited Na capacity of (1 and 2) 1 mAhcm 2 and (3 and 4) 3 mA hcm—2.

aggregation of metal Na. In contrast, the metal Na tends to be
evenly distributed on the surface of the C800 and ]J1600 fibers.
After increasing the deposited Na capacity to 3 mA h cm2, the
deposits on J800 and C1600 hosts are filled with Na dendrites with
a length of range from 0.5-2 pm. The C800 and J1600 exhibit
excellent electrodeposition behavior, as continuous and small
sodium particles are densely coated with fibers on their surfaces.
The thickness of ]800, J1600, C800 and C1600 are near 60 pum
(Fig. S17). Fig. S18 shows the SEM images of four carbon skeleton
after different stripping/plating cycles. Among stripping electrode
after 1 cycle, the J1600 and C800 electrodes maintain clean surface,
suggesting that the sodium metal is highly reversible during the
plating/stripping process (Fig. S18b1, b2 and Sc1, c2). There pro-
duce a large number of dead Na on the surface of ]800 only after
1 cycle, indicating the poor sodiophilicity of J800 sample
(Fig. S18a1 and a2). SEM images of the plating electrode after 20
cycles also prove the high sodiophilicity of J1600 and C8000. The
J1600 and C800 show uniform morphology after 20 cycles, corre-
sponding to their high sodiophilicity (Fig. S18b3, b4 and Sc3, c4).
By comparison, the poor sodiophilicity of J800 leads to the produc-
tion of irregularly particle and dendrite (Fig. S18a3 and a4). Further
stripped the sodium metal from the electrode, the J1600 can also
maintains initial morphology (Fig. S18b5 and b6). It means the pro-
duction of dead Na is alleviated so that the skeleton can maintains
high sodiophilic. By comparison, dead Na is found on the surface of
other samples. Enormous dead is found on the surface of J800 and
C1600 (Fig. S18a5, a6 and Sd5, d6). The accumulating dead Na will
gradually cover on the sodiophilic sites and finally leads to the
skeleton out of action. The SEM images of the Na containing elec-
trode after cycling also proves smooth Na deposition. As shown
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in Fig. S19, the metal sodium on C800 and J1600 electrode main-
tains its initial microstructure after 200 h cycling under the current
density of 1 mA h cm ™2, suggesting the excellent reversibility of
sodium metal.

The in-situ light microscope directly observes the deposition of
Na metal on the electrode. The Na||Na asymmetric cell, with a bare
Na foil, is assembled, and the cell operates under the current den-
sity of 1 mA cm~2 (Fig. 5a-d). During a deposition process with a
duration of 20 min, a number of dendrites are observed on the sur-
face of the Na foil. As the deposition time increases, the dendrites
continued to grow, eventually leading to a short circuit after
approximately 60 min. In contract, the Na@]1600||Na@]J1600
asymmetric cell operates stably for 180 min, as shown in Fig. 5
(e=h). The uniform Na layer is grown on the electrode, which con-
vincingly demonstrates the high sodiophilicity of the carbon film.

The photograph of different carbon skeleton placed on the mol-
ten sodium also demonstrates the excellent sodiophilicity of C800
and J1600. By placing the C800 onto the molten sodium metal,
sodium metal readily infuses into the C800 within 30 s due to
the presence of abundant defects and oxygen-containing func-
tional group (Fig. S20a). The J1600 skeleton also enables a diffusion
process of molten sodium metal within 30 s, suggesting its good
sodiophilicity (Fig. S20d). The climbing of sodium metal onto the
C1600 is slower than that of C800 and J1600, which takes approx-
imately 90 s to climb onto the whole skeleton (Fig. S20c). In com-
parison, the J800 skeleton delivers the worst sodiophilicity among
four skeletons, as the molten sodium metal is hardly to climb onto
the J800 skeleton even after 90 s (Fig. S20b). This sodiophilicity of
four carbon skeletons can well correspond to the electrochemical
performance of the symmetrical cell.
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Fig. 5. In-situ light microscope of the morphology evolution of Na foil deposited after (a) 0, (b) 20, (c) 40 and (d) 60 min under the current density of 1 mA cm~2, In-situ light
microscope of the morphology evolution of ]1600 electrode deposited after (e) 0, (f) 60, (g) 120 and (h) 180 min under the current density of 1 mA cm~2.

3.5. Full cell performance

To confirm the practical application of the Na@]J1600 anode, we
assembled a Na@]J1600||NVP full cell with an ultra-low N/P ratio of
1, as shown in Fig. 6(a). The rate capabilities are measured at differ-
ent C-rates (1 C = 117 mA h g !) ranging from 0.2 to 10 C. The
Na@J1600|[NVP full cell demonstrates superior performance in

()

Na@J1600 @ errrrnnnans ;

Separator LR {

NazV,(PO,); @

~_~
(@)
~

terms of initial Coulombic efficiency, capacity retention, and rate
recovery (Fig. 6b). It delivers a high capacity of 110 mA h g~ ! with
a high ICE of 97.5%. Even under the high current density of 10 C, the
full cell maintains a high capacity of 82 mA h g~!. When the cur-
rent returns to 2 C, the capacity can quickly recover to 102 mAh g!
(Fig. 6¢). The reversibility of the electrode is confirmed by assem-
bling the full cell with a low N/P ratio of 2 (Fig. 6d). The cell, with
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Fig. 6. (a) Schematic illustration of the Na@J1600||NVP full cell. (b) The voltage profiles of the Na@]1600||NVP full cell under different current density from 0.2-10 C. (c) Rate
performance of Na@J1600||NVP full cell. (d) Cycling performance of Na@]1600||NVP full cell with high mass loading of 6 mg cm~' and low N/P ratio of 2.
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a cathode that has a low mass loading of 6.3 mg=2 (0.7 mAhcm™),
delivers an excellent reversible capacity of 104 mA h g~! for 300
cycles, with an average CE of 99.6 % at 1 C. The full cell studies
of four carbon skeleton with low N/P raito of 1 are shown in
Fig. S21. The capacity of J800@Na||NVP is fast fading at the begin-
ning, suggesting its poor reversibility. For C1600@Na||NVP, its
capacity can maintain stable before 50 cycles and gradually
decreased at the following cycles. By comparison, C800@Na||NVP
delivers high reversibility and has 101 mA h g~ ! after 100 cycles.
Even under the low N/P ratio of 1, the J1600@Na||NVP is able to
maintain excellent stability, with a capacity retention of 78% after
200 cycles at 1 C. In comparison, the Cu@Na||NVP operates signif-
icantly unstably, exhibiting a fading capacity and oscillating CEs
due to the uncontrollable side reaction and formation of inactive
Na (Fig. S22). The full cell is significantly affected by anodic insta-
bility. The results prove that the carbon skeleton can alleviate the
formation of Na dendrites and improve the capacity retention of
SMBs.

4. Conclusions

In summary, we fabricated four types of hard carbon with dif-
ferent graphitized structures using either conventional carboniza-
tion or flash joule heating methods. Compared with conventional
carbonization, the advantage of flash Joule heating method is
reflected in the rapid synthesis and energy consumption. The
J800 and C800 are both types of amorphous carbon. However,
the J800 is low carbonized, resulting in low conductivity, while
the C800 is fully carbonized, giving it good conductivity. The
J1600 and C1600 have higher degrees of graphitization, but they
differ in the distribution of graphite domains. The J1600 has a rel-
atively orderly distributed graphite layer on the surface of the fiber
and the C1600 has randomly distributed graphite domains in the
whole fiber. As a result, different Na deposition behaviors occur
depending on the properties of the host after being sodiated. The
conductivity ensures the formation of Na-F rich SEI layer and fur-
ther enhances the electrochemical stability. Notably, not only
defects can enhance sodiophilic properties of carbon skeletons by
promoting the interaction with Na* ions, but also the graphite spe-
cies, especially the order graphite, benefit the uniform Na deposi-
tion. The full cell, with a low N/P ratio and high mass loading,
reveals excellent reversibility for over 220 cycles, which corre-
sponds to the energy density of 160 Wh kg~!. This study provides
new insights into the fundamental understanding of Na deposition
in carbon hosts, specifically in terms of the graphitized structure
for high-performance sodium metal anodes. Such insights are of
immense significance in guiding the rational design of carbon pro-
tective layers for SMBs in the future.
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