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Hard carbons (HCs) are excellent anode materials for sodium-ion batteries (SIBs). However, the carbonization
and granulation of HC powders involve complex processes and require considerable energy. Here, we developed
a facile method for manufacturing HC anodes for SIBs via a novel microwave induction heating (MIH) process for
polymer/single-walled carbon nanotube (SWCNT) films. Numerical simulations solving electromagnetic field
and heat transfer problems revealed the MIH mechanism; the electric current induced by the applied microwave
enables direct Joule heating of the SWCNT networks in the composite film. Consequently, the composite films
could be heated to the target temperatures (800-1400 °C) and free-standing HC/SWCNT anodes could be pre-
pared by applying MIH for only 30 s. Comparative analyses confirmed that ultrafast MIH is a reliable technique
for producing HC anodes and can replace conventional carbonization processes which require a high-
temperature furnace. Moreover, the HC/SWCNT anodes prepared by the ultrafast MIH were successfully
applied to the SIB full cells. Finally, the feasibility of MIH for scalable roll-to-roll production of HC anodes was
verified through local heating tests using a circular sheet larger than a resonator.

1. Introduction

With the rapid increase in the use of electric vehicles and portable
mobile devices in modern society, developing inexpensive, environ-
mentally friendly, and high-energy—density storage systems is necessary.
Recently, sodium-ion batteries (SIBs) have been actively studied as
promising alternatives to lithium-ion batteries (LIBs) because they are
expected to compensate for the high cost of lithium sources due to
scarcity [1]. Sodium sources are much cheaper, more abundant, and
more environmentally friendly than lithium. Life-cycle assessments of
SIBs have shown that they are promising alternatives considering the
environmental impact per unit of electrical energy of battery cells [2,3].

* Corresponding authors.

Nevertheless, because of the low technical maturity of SIBs, high-
performance active materials and cost-effective manufacturing pro-
cesses with economic advantages should be developed for their com-
mercial success [1,4].

Hard carbons (HCs) exhibit the best electrochemical performance
among the various anode materials used for SIBs [5,6]. HCs are carbo-
naceous materials that do not graphitize even when subjected to high-
temperature carbonization but develop crystal domains with an inter-
layer interval of approximately 0.4 nm, capable of storing sodium ions at
nearly 0 V versus Na/Na+. HCs can provide more active sites on their
edges, nanopores, and heteroatoms, where sodium ions are adsorbed/
desorbed. Advanced HC anodes exhibit high gravimetric capacities
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Fig. 1. (a) Schematic of the ultrafast preparation of HC anodes for SIBs via MIH of polymer/SWCNT composite films. Microscale multiphysics simulation of the MIH
process reveals the (b) magnetic flux vector (length-scaled red arrows) and amplitude distribution (rainbow color), (c) induced current (length-scaled red arrows) and
heating power density distribution on the SWCNT (rainbow color), (d) temperature distribution of the polymer/SWCNT before carbonization, and (e) temperature

distribution of the HC/SWCNT after carbonization.

(>300 mAh/g) and excellent cycling stability.

HCs can be synthesized through the high-temperature (typically >
1000 °C) carbonization of industrial wastes [7], biomasses [8,9], and
synthetic resins [10,11], which require batch-type high-temperature
furnaces (HFs) under high vacuum or inert gas conditions. Long resi-
dence times (typically > several hours) at the target temperature are
inevitably needed to completely carbonize the precursors because heat
must be transferred from the heaters outside the chamber. Therefore, HC
production in HFs requires excessive thermal energy and a considerable
amount of time. In addition, shredding/grinding processes, which are

energy- and time-consuming, are necessary to prepare micro-sized HC
powders, followed by conventional slurry-based anode-manufacturing
methods [12]. Therefore, the preparation process of HC films for SIB
anodes can be simplified and made more cost-effective by replacing the
heating method with contactless and direct heating technology. Induc-
tion heating using gigahertz frequencies, called microwave induction
heating (MIH), can remotely heat conductive films by ohmic heat gen-
eration due to electromagnetically induced current [13]. Because MIH
can directly transfer energy to materials, the required energy for
carbonization and heating can be immediately supplied to accelerate the
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Fig. 2. (a) Schematic of the MIH system, (b) temperature profile and (c) controlled microwave power plot, and (d) camera images of the composite film during the
MIH. (Scale bar = 1 mm) Macroscale multiphysics simulations reveal the (e) magnetic flux vector (length-scaled red arrow) and amplitude distribution on the film
(rainbow color), (f) induced current (length-scaled red arrow) and heating power density distribution (rainbow color), and (g) temperature distribution of the film at

the final heating.
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thermal process with high energy efficiency.

This study successfully demonstrated an ultrafast process for pro-
ducing HC anodes for SIBs through MIH of polymer/single-walled car-
bon nanotube (SWCNT) composite films. Electromagnetically induced
current through the highly conductive SWCNT networks enabled direct
Joule heating of surrounding polymer matrix or micron-sized particles.
The heating mechanism of the polymer/SWCNT composite films by the
MIH process was elucidated by multiscale multiphysics simulations,
including electromagnetic and thermal modeling. The MIH system for
film carbonization utilized a precisely controlled microwave chamber
operating at 2.45 GHz, the same as a conventional microwave oven.
Comparative characterization and electrochemical measurements of the
prepared anodes confirmed that ultrafast MIH can reliably produce HC
anodes and can replace conventional HF-based carbonization processes.
Moreover, the coin-type full cell tests confirmed that the HC anodes
prepared by the ultrafast MIH technique could be applied to the SIB full
cells. Finally, the feasibility of MIH for large-scale HC production was
demonstrated by carbonizing a circular sheet larger than a resonator.

2. Materials and methods
2.1. Preparation of polymer/SWCNT composite films

In this study, the two types of polymer precursors, carboxymethyl
cellulose (CMC) and microcrystalline cellulose (MCC, 20 pm, Sigma
Aldrich) powders, were used for the ultrafast MIH experiments.

The CMC/SWCNT paste (3 wt% SWCNTs) was prepared by mixing
commercial CMC/SWCNT paste (TUBALL™ BATT H,0, 40 wt% of
SWCNT) and sodium-CMC (Sigma Aldrich). Conductive composite films
with 97 wt% of CMC and 3 wt% of SWCNTs were prepared through
drop-casting of CMC/SWCNT paste, followed by room-temperature
drying. (Fig. Sla) By increasing the solid content of pastes, thicker
composite films can be obtained. The thickness of composite films
ranged from 50 to 200 pm.

Before preparing the MCC/SWCNT composite films, the MCC pow-
ders were pre-carbonized at 400 °C for 1 h in an argon-filled Quartz tube
reactor. [14] The dispersion of MCC/SWCNT was prepared by mixing
MCC and SWCNT powders at a weight ratio of 90:10 in ethanol by using
a horn sonicator. The MCC/SWCNT composite films were obtained by
the vacuum filtration of the MCC/SWCNT dispersion. (Fig. S2a-d).

The dispersion of sodium vanadium phosphate (NazVy(PO4)3, NVP,
MTI Korea) and SWCNT was prepared by mixing NVP and SWCNT
powders at a weight ratio of 90:10 in ethanol by using a horn sonicator.
The NVP/SWCNT composite films were also obtained by the vacuum
filtration of the dispersion. (Fig. S3).

2.2. Preparation of HC/SWCNT anodes

The CMC/SWCNT or MCC/SWCNT films were placed inside the
metal chamber of the purpose-built MIH system comprising a dielectric
resonator and a microwave coupler (2.45 GHz) [13]. The fireproof
alumina sheets (Cotronics Corp., maximum temperature of 1600 °C)
protected the dielectric resonator from the intense heat generated dur-
ing the MIH experiments. All the heating experiments were conducted in
a vacuum environment (~10 mTorr), and a LabVIEW® program
controlled the power of the microwave power generator. Different
samples were prepared by setting the target temperatures at the center
to 800, 1000, 1200, and 1400 °C after the heating time of 30 s, denoted
by MIH-CMC/SWCNT-800, MIH-CMC/SWCNT-1000, MIH-CMC/
SWCNT-1200, MIH-CMC/SWCNT-1400, MIH-MCC/SWCNT-800, MIH-
MCC/SWCNT-1000, MIH-MCC/SWCNT-1200, and MIH-MCC/SWCNT-
1400, respectively. For comparison, the CMC/SWCNT and MCC/
SWCNT films were carbonized at the temperatures of 800, 1000, 1200,
and 1400 °C (HF-CMC/SWCNT-800, HF-CMC/SWCNT-1000, HF-CMC/
SWCNT-1200, HF-CMC/SWCNT-1400, HF-MCC/SWCNT-800, HF-MCC/
SWCNT-1000, HF-MCC/SWCNT-1200, and HF-MCC/SWCNT-1400)
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using graphite crucibles (Tera Leader) under an argon gas flow. The
temperature of the crucible was increased to the target temperature over
1 h and then maintained for another 1 h.

2.3. Characterization and measurements

The morphology and crystal structures of the prepared samples were
analyzed using SEM (Hitachi S4800), FE-TEM (FEI, Titan G2), and XRD
(Panalytical, Empyrean), respectively. The BET surface area analysis
and BJH pore size/volume analyses were performed using BELSORP-
max equipment (MicrotracBEL, Corp.). Quantitative studies on the sur-
face functional groups before and after carbonization were conducted
using XPS (ESCALAB 250Xi analyzer). Raman analysis data was ob-
tained using a micro-Raman spectrometer (NRS-3300, JASCO).

2.4. Multiphysics simulation

Numerical simulations of MIH were conducted using the COMSOL
Multiphysics® software [15]. A complex simulation model composed of
an electromagnetic field problem with a frequency domain solver and a
heat transfer problem with a time domain solver was built to reveal the
MIH mechanism in the composite film. The physical parameters used in
the calculation are summarized in Table S1 [16-27].

2.5. Electrochemical testing

The prepared freestanding composite films were used as SIB anodes
and cathodes without additional binders or conductive materials. The
mass loading of the anodes, calculated from the total mass of the elec-
trodes, was 1.0-2.0 mg cm ™2 for the MIH-CMC/SWCNT films and
9.7-10.9 mg cm™! for MIH-MCC/SWCNT films, respectively. For the
NVP/SWCNT cathodes, the mass loading ranged from 20.5 to 23.0 mg
em? (2.1-2.3 mAh cm_z), Coin-type half-cells (Hohsen, 2032)
comprising an electrode, a glass fiber separator (GF/A, Whatman), an
electrolyte, and sodium metal were assembled in an argon-filled glove
box. A diethylene glycol dimethyl ether solvent (Diglyme, Sigma
Aldrich) containing 1 M sodium hexafluorophosphate (NaPFg, Sigma
Aldrich) salt was used as the electrolyte. The coin cells’ charge/
discharge, electrochemical impedance spectroscopy (EIS), and cyclic
voltammetry (CV) characteristics were evaluated using a potentiostat/
galvanostat (VMP3, Bio-Logics).

In the half cell tests for HC/SWCNT anodes, the constant-current
constant-voltage (CCCV) and constant-current (CC) modes were used
for charging and discharging, respectively. A constant charge and
discharge current density of 0.02 A gaige was applied for pre-cycling in
the 0-2.5 V (vs. Na/Na™"). The cut-off current density in the CCCV mode
was set to 0.002 A g;nlode. For long-term cycling tests, a charge/discharge
current density of 0.1 A g;nlode and a cut-off current density of 0.01 A
ganode Were applied in the same voltage range. For the cycling tests at
high C-rate, a charge/discharge current density of 1.0 A g;nlode and a cut-
off current density of 0.1 A gade Were applied. The CV tests were
conducted at scanning speeds of 0.2, 0.5, 1.0, 2.0, and 5.0 mV/s in the
0-2.5 V (vs. Na/Na™). In the half cell tests for NVP/SWCNT cathodes, a
constant charge and discharge current density of 0.01 A g{;ﬁhode was
applied for pre-cycling in the 2.2-3.8 V (vs. Na/Na™). For long-term
cycling tests, a charge/discharge current density of 0.05 A g{althode was
applied in the same voltage range.

The coin-type full cells were assembled in an argon-filled glove box
using an MIH-MCC/SWCNT anode, an NVP/SWCNT cathode, a glass
fiber separator (GF/F, Whatman), and an electrolyte. In the pre-cycling,
a constant charge/discharge current density of 0.01A g{;}thode (~0.10)
was applied in the voltage range of 1.5-3.8 V (vs. Na/Na™"). A constant
charge/discharge current density of 0.05 A glnode(~0.5C) was applied
in the same voltage range for the long-term cycling test.
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Fig. 3. FE-TEM images of (a-d) MIH-CMC/SWCNT and (e-h) HF-CMC/SWCNT films. (Scale bar = 5 nm).

3. Results and discussion

Fig. 1a schematically shows the preparation of a free-standing HC
anode via ultrafast MIH. The CMC and MCC powders were used as the
HC precursors. [28] The SWCNTs in the composite film created electric
current networks, which act as resistive heat sources by magnetic in-
duction in the microwave resonator. The CMC and MCC powders in the
composite film are directly converted to HCs at a high temperature.
Since HCs are electrically conductive, the entire film can be heated by
the induced currents. Therefore, rapid carbonization from polymer
precursors to HCs could be achieved in 30 s with the remote and direct
heat energy generated by MIH. The prepared HC/SWCNT films were
used as SIB anodes without post-carbonization procedures because the
SWCNTs also served as conductive auxiliaries and binders. This inno-
vative technique effectively reduces the carbonization time and
complexity of the anode manufacturing processes.

In this study, a novel heating method by magnetic induction using a
dielectric resonator was developed [13]. MIH differs from the dielectric
heating mechanism in conventional microwave ovens which rely on a
metal cavity resonator. The resonant magnetic field in the dielectric
resonator rotates from the center of the resonator to the outside, forming
a toroidal electric field similar to that of a solenoid coil, which selec-
tively applies the magnetic field to the film [29]. The magnetic field
oscillating at 2.45 GHz can strongly interact with conducting and
nanoscale-thin SWCNTs through magnetic induction.

The MIH mechanism for the ultrafast carbonization process was
revealed via numerical multiphysics simulations, as shown in Fig. 1b-e
[15]. The SWCNTs have local contacts to extend the induction current
path (Fig. S1), and it is assumed that the polymers fill the rest of the
space without vacancies, as shown in Fig. 1b. When a GHz magnetic field
(red arrows scaled with its length shown in Fig. 1b) is applied to the
SWCNT conducting loop, electric currents are induced on the conductive
SWCNTs, and a self-magnetic field re-induced by the current sets off a
net magnetic field inside the current loop (amplitude distribution of
magnetic flux in rainbow color scale in Fig. 1b). Intense current and heat
(red arrows and rainbow color plot in Fig. 1¢) occur in closed loop of
SWCNTs. The temperature distribution at the initial stage shows that
SWCNTs have a much higher temperature than the polymers despite

heat transfer (Fig. 1d). However, the insulating polymers near the
SWCNTs are converted to conducting HCs over 650 °C, and the com-
posite film is entirely heated since the HCs can now serve as active sites
for MIH. Finally, the temperature gradient from the SWCNTs to the
surrounding volume disappears, and uniform heating can be achieved
(Fig. 1e).

Fig. 2a shows the MIH system developed in this study. The dielectric
resonator is inside a metallic shield which prevents microwave radiation
leakage. A solid-state microwave generator and a coaxial waveguide
supply the microwave power. The microwave energy stored in the
dielectric resonator is coupled via a bar coupler, which adjusts the dis-
tance to the dielectric resonator to optimize the microwave coupling
between the waveguide and the resonator. The polymer/SWCNT film is
positioned on top of the dielectric resonator and the two compartments
are separated by a microwave-transparent quartz window to maintain a
vacuum environment. The temperature of the film is measured with a
pyrometer through another quartz window on top of the vacuum
chamber. The heating time profile can precisely follow the programmed
preset profile since the microwave power level is automatically and
quickly controlled based on the measured temperature, as shown in
Fig. 2b-c.

The carbonization process temperature is linearly increased to a
maximum of 1400 °C in 30 s to avoid film swelling due to sudden large
outgassing. Fig. 2d shows camera images of a long rectangular polymer/
SWCNT composite film undergoing carbonization in the MIH chamber.
The macro-flow of the induction current on the whole film is rotated by
the magnetic field normal to the surface, as the numerical simulations
show in Fig. 2e-f. Because the conductive film pushes out the applied
magnetic field due to offset by the current-induced self-magnetic field,
the current density and heating power density at the edges are stronger
than those at the center of the film. Therefore, the carbonization of the
film starts from the edges and expands to the center; as a result, uniform
heating and carbonization can be achieved as the maximum temperature
is reached after 30 s. The effect of temperature on the film is shown in
Fig. 2d, and the numerical simulation result is shown in Fig. 2g. As
shown in Fig. S1b-c, HC/SWCNT maintained the film morphology while
micropores developed during MIH.

Field-emission transmission electron microscopy (FE-TEM) was
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Fig. 4. XRD characterization of MIH and HF samples. (a,b) XRD patterns and (c-f) deconvolution of the (002) peaks.

conducted to characterize the microcrystalline structures of the CMC/
SWCNT films carbonized with MIH and HF (Fig. 3). MIH-CMC/SWCNT-
800 and HF-CMC/SWCNT-800 films exhibited highly disordered carbon
structures. MIH-CMC/SWCNT-1000, MIH-CMC/SWCNT-1200, HF-
CMC/SWCNT-1000, and HF-CMC/SWCNT-1200 films exhibited wind-
ing lamellar structures with short-range ordering (<5 nm). Long-range
(>10 nm) lamellar structures with several carbon layers were well-
developed in MIH-CMC/SWCNT-1400 and HF-CMC/SWCNT-1400
films. In particular, HF-CMC/SWCNT-1400 film exhibited highly or-
dered graphite-like lamellar structures. The X-ray diffraction (XRD) re-
sults support the TEM imaging results of the MIH and HF samples
(Fig. 4). The CMC/SWCNT film exhibited a broad XRD peak centered at
21.6°, corresponding to the crystal structure of CMC [30]. However,
MIH-CMC/SWCNT-800 and HF-CMC/SWCNT-800 films showed
dramatically reduced XRD signals for CMCs, indicating disorganization
of the CMC crystal domains during the carbonization up to a tempera-
ture of 800 °C (Fig. 4a-b). After that, the broad XRD signals in the range
of 20-27° correspond to the highly disordered (21 ~ 22°), pseudo-
graphitic (22 ~ 25°), and graphite-like (26 ~ 27°) HCs, revealing that
HCs gradually developed with the increase in the carbonization tem-
perature [31]. The deconvolution of the XRD patterns of the MIH films

indicated the simultaneous development of highly disordered (black
area), pseudo-graphitic (red area), and graphite-like (blue area) HC
domains (Fig. 4c-d, Table S2) [32]. In contrast, HF-CMC/SWCNT-1200
film exhibited only two characteristic peaks corresponding to the
highly disordered and pseudo-graphitic HC (Fig. 4e). However, HF-
CMC/SWCNT-1400 film clearly showed a sharp peak emerging from
broadened XRD signals at 26.9°, indicating the evolution of graphite-like
HC crystal domains during HF-based carbonization (Fig. 4f). The TEM
and XRD results verify that the formation of graphite-like HC is sup-
pressed during ultrafast MIH compared to the HF-based carbonization
process. The Raman spectrum of CMC/SWCNT shows SWCNTs’ distinct
G and G’-bands. (Fig. S4) The MIH-CMC/SWCNT-800 exhibited slightly
increased signals corresponding to the disordered carbons (D-band,
1344 nm). [33] However, the increase in D-band is not direct evidence
of the formation of hard carbons. During the MIH process at high tem-
peratures, defective carbon can be formed in the SWCNTs.

Fig. 5a-d shows the prepared samples’ Brunauer—-Emmett-Teller
(BET) isotherm and Barrett-Joyner-Halenda (BJH) pore size distribu-
tion. The bare CMC/SWCNT was a dense film with a low specific surface
area of 7 m?/g. MIH-CMC/SWCNT-800 and HF-CMC/SWCNT-800
samples exhibited significantly increased specific surface areas (SSAs)
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of 612 and 467 m?/g, respectively (Fig. S5a). The pore size distribution
data indicate the formation of micro-, meso-, and macropores in the
MIH-CMC/SWCNT-800 and HF-CMC/SWCNT-800 films [34]. MIH-
CMC/SWCNT-1000 film showed the highest SSA of 911 m?/g because
of the significant formation of mesopores (d = 2-50 nm). Therefore, it is
plausible that the formation of short-range-order lamellar structures
observed in the TEM images (Fig. 3b) could have induced numerous
mesopores. MIH-CMC/SWCNT-1200 film also exhibited a high SSA of
723 m?/g and mesopore-dominated pore size distribution. However,
compared with MIH-CMC/SWCNT-1200 film, the total pore volume of
MIH-CMC/SWCNT-1400 film decreased from 0.99 to 0.42 cm® g~!
because of the decrease in the volume of the mesopores originating from
the growth of graphitic HCs (Fig. 5¢) [32]. Although HF-CMC/SWCNT-
1000 film also showed increased SSA (718 m2/ g) and mesopore volume,
the total pore volume was only 0.45 cm?® g_l (Fig. 5d). Moreover, HF-
CMC/SWCNT-1200 and HF-CMC/SWCNT-1400 films exhibited small
mesopore volumes (<0.1 cm? g’l) because of the formation of graphitic
HCs. The X-ray photoelectron spectroscopy (XPS) surface analysis re-
sults suggest that the formation of sp? carbons and the removal of
oxygen-functional groups mainly occurred during the MIH below a
temperature of 800 °C (Fig. Se-h and Fig. S5b-c). The sp2/sp> carbon
ratio was estimated to be 2.4 for HF-CMC/SWCNT-800, which gradually
increased to 3.7 after MIH up to 1400 °C [35]. This result indicates that
sp? carbons were well developed during carbonization by MIH. How-
ever, the carbon ratio of HF samples was not dependent on the target
temperature. The oxygen contents in CMC/SWCNT, MIH-CMC/SWCNT-
800, and MIH-CMC/SWCNT-1400 films were 26.5 %, 3.59 %, and 2.05
%, respectively. However, the HF samples showed a relatively high
oxygen content, as estimated from the XPS data. These XPS results imply
that MIH is more efficient at removing oxygen-containing functional
groups because intense heat can be directly transferred from the
SWCNTs to the neighboring CMCs.

Half-cells were assembled using sodium metal reference electrodes to
conduct electrochemical tests on the prepared SIB anodes (Fig. 6). The
CMC/SWCNT anode exhibited a low sodium-ion storage performance

(Fig. S6). Fig. 6a-b shows the charge/discharge capacities of the anodes
under pre-cycling normalized by the electrode weight. The initial
charge/discharge capacities of MIH-CMC/SWCNT-800, MIH-CMC/
SWCNT-1000, MIH-CMC/SWCNT-1200, and MIH-CMC/SWCNT-1400
anodes were 620/210, 480/252, 463/265, and 484/187 mAh g;nlode,
respectively. The charging capacity decreased with the increase in the
target MIH temperature, whereas the MIH-CMC/SWCNT-1200 anode
exhibited the highest discharge capacity of 265 mAh gaioge. As a result, it
showed the best initial Coulombic efficiency (ICE) of 57.2 %. Among the
HF anodes, the HF-CMC/SWCNT-1000 anode demonstrated the best
electrochemical performance, exhibiting an initial discharge capacity of
256 mAh gihode HF-CMC/SWCNT-1200 anode showed an initial
discharge capacity of 196 mAh gzbde, which was inferior to that of HF-
CMC/SWCNT-1000 anode. HF-CMC/SWCNT-1400 anode delivered the
lowest initial discharge capacity of 106 mAh g;nlode with an initial
Coulombic efficiency of 27.0 %. The results of the rate capability tests
suggest that the MIH1200 anode showed the best performance, even at
high C-rates (Fig. 6¢). MIH-CMC/SWCNT-1200 anode delivered 70 mAh
g;nlode even at 10 A/g (40C, 1.0 C=0.25 A/g) and had excellent capacity
recovery characteristics at a current density of 0.02 A g;&wde (0.08C). As
shown in Fig. 6e, MIH-CMC/SWCNT-1200 exhibits the highest initial
discharge capacity of approximately 200 mAh g;nlode at a charge/
discharge current density of 0.1 A/g (0.4 C). The discharge capacity of
the MIH-CMC/SWCNT-1200 anode gradually increased to approxi-
mately 230 mAh gide during the first 150 cycles, and the discharge
capacity did not decrease until the 200th cycle. This trend can be
attributed to the gradual wetting or penetration of electrolytes into the
highly porous structures. [36,37] As shown in Fig. S7, the gradual filling
of pores with electrolytes improves the charge storage capacity by
providing additional sites for capacitive-type ion storage at high voltage
regions (>1.0 V). In addition, the MIH-CMC/SWCNT-1200 anode
exhibited the highest CE of 99.5 % after 200 cycles. Although all the
other MIH anodes exhibited lower discharge capacities than that of MIH-
CMC/SWCNT-1200, their capacity retentions were approximately 100
%. The results of the long-term stability test at a high current density
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Fig. 6. (a,b) Initial sodiation—-desodiation profiles, (c,d) rate capabilities, and (e,f) capacity retentions of MIH and HF anodes.

(1.0 A/g, 4C condition) also support that the MIH-CMC/SWCNT-1200
exhibited the best sodium ion storage performance (Fig. S8). As shown
in Fig. S9, the cycled electrodes have well-maintained layered CMC/
SWCNT structures. In addition, the cycled sodium metal anodes
exhibited white surfaces, implying that the corrosion of sodium metal is
not critical. In the EIS analyses, the cycled MIH-CMC/SWCNT-1200
anode exhibited the lowest charge transfer resistance (Fig. S10). The
inferior rate-capability of MIH-CMC/SWCNT-1400 can be attributed to
the highest series resistance. Electrochemical testing on the HF anodes
showed that the HF-CMC/SWCNT-1000 anode has the best C-rate per-
formance and the highest long-term cyclability (Fig. 6d and f). Table S3
compares the sodium-ion storage characteristics of the MIH anodes with
those of other cellulose-based HC anodes [28,38-43]. Since the MIH-
CMC/SWCNT-1200 anode does not require additional conductive ma-
terials or polymeric binders, it showed a commensurate performance
compared with conventional HC anodes, demanding 10-20 wt% of
binders and conductive auxiliaries.

Based on these results, we conclude that ultrafast MIH is a reliable
technique for producing HC anodes as an alternative to the conventional
HF-based carbonization method. The pore/crystal structures deter-
mining the electrochemical performance could be readily controlled by
adjusting the target temperature of the ultrafast MIH. The anode per-
formance of the best MIH anode was not inferior to that of the best HF
anode, although the optimum final temperature of MIH increased from
1000 to 1200 °C.

To determine the cause of the shift in the optimum carbonization
temperature, CV analyses were conducted for MIH and HF anodes (Fig. 7

and Fig. S11). The v/v’/? scan rate analyses on the anodes make it
possible to quantitatively estimate the relative contribution and the
absolute amount of diffusive and capacitive stored charge [44-46].

The total CV signals at a given voltage (V) can be expressed by the
sum of the capacitive and diffusion-controlled currents.

i(V) = ki (V)o +ky(V)o'/? (€)]
where k; and k3 are the scan rate constants. By plotting i/v"/? against v/

2 at a given potential, the scan rate constant can be estimated using the
following equation:

i(V) /012 = ky (V)02 + ko (V) )

Accordingly, the contributions of the capacitive (k;v) and diffusion-
controlled (kz'’?) charge storage can be evaluated. The rate de-
pendency of the CV curves was studied at various scan rates. (Fig. S11).
The v/v'/? scan rate analysis results of the MIH anodes reveal that MIH-
CMC/SWCNT-1200 exhibits the highest total stored charge (1565C/g)
and contributes the least to capacitive sodium ion storage (45 %) at a
scan rate of 0.2 mV/s (Fig. 7c and i). Although MIH800 anode exhibited
the lowest total stored charge of 1010C/g, it showed the most consid-
erable stored charge and contribution from the capacitive mechanism
(755C/g, 75 %, Fig. 7a). The diffusively stored charges of MIH-CMC/
SWCNT-1000 (565 C/g) and MIH-CMC/SWCNT-1200 anodes (855 C/
g) were more significant than those of MIH-CMC/SWCNT-800 anode
(255 C/g). This is attributed to the large mesopore volume of the two
anodes (Fig. 5c), which benefits Na-ion intercalation/deintercalation
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[47,48]. Moreover, pseudo-graphitic lamellar structures that can store
sodium ions were well-developed in the MIH-CMC/SWCNT-1200 anode.
In contrast, the MIH-CMC/SWCNT-1400 anode exhibited a lower total
storage charge (1215C/g) than the MIH-CMC/SWCNT-1200 anode, and
a declined stored charge via a diffusive mechanism (855 — 545 C/g).
The developed graphitic HC domains clogged the mesopores (Fig. 5c),
and sodium ions could hardly be stored in the lamellar structures of the
HCs. Among the HF anodes, the HF-CMC/SWCNT-1000 anode showed
the highest capacitive (795 C/g) and total stored charge (1445C/g) at a
scan rate of 0.2 mV/s (Fig. 7j). HF-CMC/SWCNT-1200 anode exhibited a
much-reduced capacitive storage capacity because its clogged pores
limited surface adsorption (Fig. 5d). In particular, the diffusively stored
charge of HF-CMC/SWCNT-1400 anode was 105 C/g, resulting in the
lowest total stored charge (495 C/g) because the graphitic HC domains
unsuitable for sodium ion intercalation dramatically developed during
HF-based annealing at 1400 °C. Consequently, the sodium ion storage
capacity of the HF-CMC/SWCNT-1400 anode primarily depends on the
contribution of the capacitive mechanism (78 %). Compared to the MIH,
HF-based carbonization suppressed pore development but facilitated the
formation of crystalline HCs, resulting in a lower shift in the optimum
carbonization temperature. From the CV test results in Fig. S11, the
sodium-ion diffusion coefficient (Dgj,) of MIH anodes can be estimated
according to the classical Randles-Sevcik equation.[49] The peak cur-
rent (I,) of reduction or oxidation can be estimated by the following
equation:

I, = (2.69 x 10°)n1SADSS, 195Gy ®3)

where n is the number of electrons transferred, A is the electrode area,
Cia is the sodium-ion concentration in the electrolyte, and v is the
scanning rate (V s1). Fig. 512 shows the linear relationship of the
reduction and oxidation peak current density with the square root of
voltage scanning rates for sodium ion intercalation region (~0 V vs. Na/
Na®™). As a result, the MIH-CMC/SWCNT-1200 anode displays the
highest Dfj, (49.1 x 10" em? s1), supporting the largest diffusive ca-
pacity of MIH-CMC/SWCNT-1200 (Fig. 7i).

We conducted MIH of MCC/SWCNT composite films to prove
another concept. (Fig. 8a). The MCC microparticles (Fig. S2a) were used
to prepare MCC/SWCNT bucky papers (Fig. S2b-d). Before preparing
bucky papers, the MCC powders were pre-carbonized at 400 °C to in-
crease the wt.% of HCs in final HC/SWCNT anodes.[14] Electromag-
netically induced current through the highly conductive SWCNT
networks enabled direct Joule heating of surrounding MCC micropar-
ticles. The MCC/SWCNT anode exhibited poor initial charge/discharge
capacities of 169/109 mAh g;lnode. Fig. S13 shows the pre-cycling test
results of HF-MCC/SWCNT anodes. Among the HF-MCC/SWCNT an-
odes, the HF-MCC/SWCNT-1200 displayed the best initial charge/
discharge capacities and ICEs of 298/379 (78.6 %). On the other hand,
by applying MIH, the MCC/SWCNT bucky papers were rapidly heated to
800-1400 °C in the 30 s, resulting in MIH-MCC/SWCNT anodes
(Fig. S2e-f). Fig. 8b shows the anode’s initial charge/discharge capac-
ities normalized by the electrode weight. The initial charge/discharge



G. Ryoo et al. Chemical Engineering Journal 496 (2024) 154081
(a) 0 ~() o
3.5|——MCCTSWCNT s @ MCC/SWCNT
-9]——MIH-MCC/SWCNT-800 84001 o MIH-MCC/SWCNT-800
3.0/——MIH-MCC/SWCNT-1000 . @ MIH-MCC/SWCNT-1000 L1110~
-01——MIH-MCC/SWCNT-1200 < 3507 o MIH-MCC/SWCNT-1200 — x
5 5/~ MIH-MCC/SWCNT-1400 < 3004, @ MIH-MCC/SWCNT-1400 <
sS4 £ EEEEC00C00C000000005000000000000000000N00C000000T 100 e
=50 2250, o
o S 0839922039339323933333393333333393335 39339399393 90 2
MCC/SWCNT S15 g 200 i
2 O 150 80 o
1.0 L 3
05 100 200000303339930003930303993032393930309039233d 70 [
o
- g 50 F0900000000000003033393000333A3333AAAAAAAAA AN =]
0.0 - ; - - | 2 0 60 8
0 100 200 300 ° % 50 100
Gravimetric Capacity (MAh g, o4e ') Cycle Number
(d) —NvPISWENT cathode (49) [—— MIH-MCC/SWCNT-1200| ' & WIS o MIH-MCC/SWCNT-1200 | 110
[INVP/ISWCNT £100]/ |INVP/SWCNT
35 \ 91 2’ — ‘\.._“,v[_:f100§
_ 30 E 80~ >
— > < 2
30 , (;harge g2'5' Z 60 %0 2
Discharge 820 7 Discharge & J P
o T 80
S O 40 ©
0.5 Current Density = 10 MA g ;inoqe ‘g 20/ current Der:sity 170 2
“~IN/P ratio 1:1.3 3 =50 MA g cathoce Q
2.0 0.0 5 0 60 O
HC/SWCNT 0 50 100 0 20 40 60 80 100 126° 0 10 20 30 40 50

Gravimetric Capacity (MAh g anege ') Gravimetric Capacity (MAh gmoge

Cycle Number

EN
~

Fig. 8. (a) The camera images of the MCC/SWCNT and MIH-MCC/SWCNT composite films during the MIH. (Scale bar = 5 mm) (b) Initial sodiation—-desodiation
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cells. (d) Initial charge-discharge profiles of NVP/SWCNT half cell. (e) Initial charge-discharge profiles and (f) capacity retentions of MIH-MCC/SWCNT-1200||NVP/

SWCNT full cell.

capacities and ICEs of MIH-MCC/SWCNT-800, MIH-MCC/SWCNT-
1000, MIH-MCC/SWCNT-1200, and MIH-MCC/SWCNT-1400 anodes
were 203/126 (62.1 %), 260/215 (82.7 %), 299/276 (92.3 %), and 319/
300 (94.0 %) mAh g;ﬁ,ode, respectively. Among the MIH-MCC/SWCNT
anodes, the MIH-MCC/SWCNT-1200 exhibited the highest capacity
retention of 96.5 % after 100 cycles (221.8 — 214.0 mAh g;ilnode).
Although the MIH-MCC/SWCNT-1400 exhibited a slightly higher
discharge capacity of 230.7 mAh g;lnode at the first cycle, it showed a
lower capacity retention of 89.6 % after 100 cycles. The MIH-MCC/
SWCNT-800 and MIH-MCC/SWCNT-1000 displayed inferior discharge
capacities of 162.4 and 104.9 mAh g;,lnode at the first cycle. Therefore,
these results also support the idea that the MIH technique is suitable for
the ultrafast heating of polymeric microparticle/SWCNT composite
films.

The SIB full cells were prepared by assembling the MIH-MCC/
SWCNT-1200 anodes and the NVP/SWCNT cathodes. The N/P ratio of
the full cell was calculated based on the initial discharge capacities of
the MIH-MCC/SWCNT-1200 anodes and the NVP/SWCNT cathodes. As
shown in Fig. 8d, the initial discharge capacity of the NVP/SWCNT
cathode was determined to be 101.7 mAh g;l,thode In addition, the su-
perior capacity retention of the cathode was confirmed in the long-term
cycling tests (97.0 % @ 100th cycle, Fig. S14). We paired anodes and
cathodes to achieve an N/P ratio of 1.2-1.3. [50] As summarized in
Fig. 8e-f and Table S4, the ICE (71.6 %), initial discharge capacity (74.7
mAh g'c}ithode), and capacity retention (93.3 % @ 50th cycles) of the MIH-
MCC/SWCNT-1200||NVP/SWCNT full cell were comparable to those of
the recently reported HC||NVP full cells.[50-54] Therefore, the results
support that the HC anodes prepared by the ultrafast MIH technique can
be applied to the SIB full cells.

To determine the feasibility of MIH for the scalable production of HC
anodes, the process was evaluated using a large circular polymer/
SWCNT sheet (d = 4.2 cm). Fig. 9a shows a conceptual schematic of
MIH. The circular sheet, larger than the resonator and heated to 1200 °C
in 30 s, shows a circular-ring-shaped uniform heating zone (Fig. 9b).
Thus, an MIH system with a dielectric resonator array is feasible for roll-

to-roll manufacturing of uniform HC/SWCNT anodes (Fig. 9c). The
polymer/SWCNT film moves above the dielectric resonator array,
resulting in HC/SWCNT anodes. Simultaneously, each heating zone is
maintained at the target temperature by precisely adjusting the power
level of the microwave generator.

4. Conclusions

We performed MIH-assisted carbonization of polymer/SWCNT films
to realize an ultrafast production of HC anodes for SIBs. This strategy
significantly reduces the carbonization time owing to direct heating
from the inside of the composite films and eliminates the need for slurry-
based electrode manufacturing processes after carbonization. Free-
standing and binder-free HC/SWCNT anodes could be prepared from
CMC/SWCNT and MCC/SWCNT films with precisely controlled target
temperatures of 800-1400 °C in only 30 s through a novel MIH device
based on a specially designed dielectric resonator. The results of phys-
icochemical and electrochemical characterization indicate that MIH is a
reliable technique for producing HC anodes and is an excellent alter-
native to the conventional HF-based carbonization method. The full cell
tests confirmed that the HC anodes prepared by the ultrafast MIH
technique could be applied to the SIB full cells. Moreover, MIH’s
application to a large circular sheet was demonstrated, revealing the
scalability of MIH. Overall, the MIH of the composite films is expected to
aid in the mass production of HC anodes, which is crucial for commer-
cializing SIBs.
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