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Hard carbons (HCs) are a significantly promising anode material
for alkali metal-ion batteries. However, long calcination time and
much energy consumption are required for the traditional fabrica-
tion way, resulting in an obstacle for high-throughput synthesis
and structure regulation of HCs. Herein, we report an emerging
sintering method to rapidly fabricate HCs from different carbon
precursors at an ultrafast heating rate (300 to 500 °C min™") under
one minute by a multifield-regulated spark plasma sintering (SPS)
technology. HCs prepared via the SPS possess significantly fewer
defects, lower porosity, and less oxygen content than those pyro-
lyzed in traditional sintering ways. The molecular dynamics simula-
tions are employed to elucidate the mechanism of the remarkably
accelerated pyrolysis from the quickly increased carbon sp? con-
tent under the multifield effect. As a proof of concept, the SPS-
derived HC exhibits an improved initial Coulombic efficiency
(88.9%), a larger reversible capacity (299.4 mAh-g™"), and remark-
ably enhanced rate capacities (136.6 mAh.g~" at 5 A.g™") than
anode materials derived from a traditional route for Na-ion
batteries.

sodium-ion batteries | hard carbons | spark plasma sintering | rapid
synthesis

Lithium-ion batteries (LIBs) have succeeded greatly in the
past decades; however, they are being challenged by the
scarcity of lithium-based resources and uneven geographical
distribution with the soaring demands in the electric vehicles
market and grid-scale energy storage (1, 2). In this context, it is
widely accepted that Na-ion batteries (SIBs) are promising
alternatives to LIBs, especially in the energy storage grid due
to low cost, abundant and environmentally friendly sodium-
based resources, and facile and rapid replication from LIBs
regarding industrial and commercial processes (2-6). Graphite,
a predominant anode material for LIBs, unfortunately, delivers
a low capacity (<20 mAh-g~') in a Na-ion battery using ester
electrolytes forming graphite intercalation compounds NaCg4
rather than thermodynamically unstable NaCg (7-9). Whereas,
hard carbons (HCs) of wider graphene layers, abundant micro-
pores, and rich defects have become one of the most promising
candidates as anodes for SIBs, delivering high capacities
(250 to 350 mAh-g~!) and low plateau voltage (~0.1 V versus
Na/Na%) by integrating Na-ion storage mechanisms of absorp-
tion, insertion, and pore-filling (10-13). HCs are suitable for
LIBs and K-ion batteries and have decent capacities (14).

HCs were typically prepared through direct sintering, micro-
wave irradiation, or hydrothermal carbonization preprocessing
of carbon precursors including common sugars, biomass, or
polymer followed by a solid-state sintering process (15-23). HC
is generally formed at a temperature between 1,000 and
1,600 °C for several hours in a tubular furnace (TF), and the
pyrolysis process plays an essential role in regulating the HC
microstructure. A low heating rate (e.g., 0.5°C min~') was
reported as required to fabricate HC with few defects and low
porosity beneficial for high reversible capacity and cycling sta-
bility (24). Hence, long calcination time and much energy
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consumption are inevitable for traditionally synthesizing HCs.
Yet, few reports document sintering technologies of HCs, which
also limits high-throughput fabrication and structure regulation
of HC:s.

Joule heating has been reported as a promising and emerg-
ing approach to the flash synthesis of materials through the reg-
ulation of an external electric field (25-27). Inspired by this
thought, rapid synthesis of HC materials in minutes has been
developed through a spark plasma sintering (SPS) technology.
SPS is a field-assisted sintering process combining plasma acti-
vation, hot pressing, and resistance heating (Fig. 1 4 and B
show the schematic diagram of our SPS system and the anneal-
ing mechanism). Due to the synergy between a high tempera-
ture and high pressure, SPS is performed at a hot pressing
situation and ultimately can be categorized as a rapid, energy-
efficient, and sustainable sintering route (28, 29). Typically, the
powder sample is put into a circular graphite tank, and the
graphite plate is used as a substrate. The top and bottom
graphite plates have the same temperature as the sample
because both of them are next to the temperature sensor. Such
technology is greatly applicable to fabricate dense materials
(29), but it has not been reported in fabricating HC materials.
Herein, we report HCs derived from different carbon precur-
sors can be rapidly synthesized via the SPS with few defects,
less oxygen content, and enhanced electronic conductivity com-
pared with the samples from the traditional sintering way, lead-
ing to enhanced Na-ion storage performance.

Significance

Hard carbon (HC) is one of the most promising anode mate-
rials for alkali metal-ion batteries, which is generally pre-
pared by annealing in a tubular furnace with a low heating
rate and long duration at a target temperature. Herein, we
report an innovating sintering method to quickly fabricate
HC even within one minute and ultrafast heating rate by
multifield-regulated spark plasma sintering (SPS) technology.
This is a universal way to the rapid preparation of various
HCs from different carbon precursors. Notably, HCs prepared
from SPS possess significantly lower oxygen contents
and higher electronic conductivity than the traditional sinter-
ing way due to the remarkably accelerated pyrolysis reac-
tion, leading to excellent electrochemical Na-ion storage
performance.
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Fig. 1. (A) Schematic diagram of the SPS system and (B) the annealing mechanism. HRTEM and SAED images of (C) M9005, (D) M11005, (E) M13005, and

(F) TF1100.

Results and Discussion

Sucrose is used as a carbon source for the comparative study of
HC fabricated from both the SPS technology and from the tra-
ditional sintering process. The X-ray diffraction (XRD) pat-
terns of different sucrose-derived HCs (SHCs) from different
pyrolysis temperatures and methods are displayed in S/
Appendix, Fig. S1. HCs via SPS at 900, 1,100, and 1,300 °C with
a moderate heating rate (300 °C min') and 5 min sintering
duration are denoted as M9005, M11005, and M13005, respec-
tively. All the XRD patterns have two broad characteristic
peaks near 23° and 43°, corresponding to the carbon crystal
plane of (002) and (101). For the SHCs via the SPS, the (002)
peak shifts to a higher angle with the increased pyrolysis tem-
perature, suggesting a decreased averaged layer spacing.
According to Bragg’s law, the interlayer spacings (dgpopz) of
M9005, M11005, and M13005 are calculated as 3.85, 3.83, and
3.73 A, respectively. Whereas, the HC (TF1100) obtained from
the traditional way has a larger layer spacing than M11005 (3.
99 A) at the same sintering temperature. Scanning electron
microscope (SEM) images (SI Appendix, Fig. S2) show the mor-
phology of SHC particles, indicating that the sintering tempera-
ture and method have a negligible effect on their morphology.
High-resolution transmission electron microscopy (HRTEM)
images show that SHCs possess curved short-range layers, as
shown in Fig. 1 C-F. With the increasing pyrolysis temperature,
the rearrangement of carbon atoms changes the structure of
SHCs from disorder to localized order. More graphite-like
microcrystals with fringed curved carbon layers were folded,
and the merge of nanopores increased the number of closed
nanopores and the formation of HC (11). Such pores can facili-
tate sodium storage based on the pore-filled model (13, 16, 21,
22, 30, 31). The corresponding selected area electron diffrac-
tion (SAED) pattern of SHCs is characterized by diluted spots
to a recognizable polycrystalline ring, which indicates the for-
mation of a localized ordered structure with an increase in
pyrolysis temperature.
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Comprehensive characterizations were conducted to investi-
gate the detailed microstructure and the compositions of SHCs,
as listed in Table 1. The open pores on the surface of SHCs
can be measured by the nitrogen adsorption/desorption
method instead of internal and closed micropores (Fig. 24). The
Brunauer-Emmett-Teller (BET) surface area of SHCs prepared
by the SPS method decreased sharply from 279.5 to 9.2 m*.g "
and then to 3.2 m2~g’1 from 900 to 1,100 °C and 1,300 °C with
the reduction in defects and oxygen content. The surface area of
all the HCs is mainly from micropores, as revealed from the
Non-Local-Density Functional Theory (NLDFT) pore size distri-
bution (Fig. 2B), while the pore volumes decreased from 0.108
em®-g~! (900 °C) to 0.003 em®g~! (1,100 °C) and 0.001 cm®.g~*
(1,300 °C). It is worth noting that the specific surface area and
pore volume of the samples synthesized by SPS and traditional
tubular furnaces are significantly different. TF1100 showed a
much lar%er surface area (57.4 m>g~') and pore volume
(0.022 cm’.g '), indicating that the SPS is capable of quickly
reducing the concentration of pores and defects. A small-angle
X-ray scattering (SAXS) technique can effectively probe the pres-
ence and size of closed pores by fitting the characteristic length
to scattering power variation (32). Fig. 2C shows the SAXS pat-
terns of SHCs; both M11005 and TF1100 induce a plateau region
around 0.1 A™', which significantly distinguishes from commer-
cial graphite of highly ordered and dense structure with negligible
internal pores, indicating the formation of closed nanopores
within SHCs. The average pore diameter of M11005 and TF1100

Table 1. Structure and composition information of SHCs

Sample dgoz (A) C(at%) O (at%) C/O Ip/llg SBET (m%g~")
M9005 3.85 95.09 4.91 19.37 3.42 279.5
M11005  3.83 95.98 402  23.88 3.00 9.2
M13005  3.73 96.54 346  27.90 2.52 3.2
TF1100  3.99 94.13 587  16.04 3.25 57.4
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Fig. 2.

was calculated to be 1.91 and 1.76 nm, respectively, and the
detailed fitting is demonstrated in SI Appendix, Fig. S3.

Raman spectroscopy was used to further evaluate the structure
and defects of SHCs. Raman spectra have two characteristic
bands, around 1,339 and 1,579 cm™, corresponding to defect
structure (D band) and graphitic lattice (G band) within gra-
phene layers, respectively (33). As shown in Fig. 3 A-C and Table
1, the integrated intensity ratio of Ip/lg decreased from 3.42 to
3.00 as the heat treatment temperature increased from 900 to
1,100 °C and then decreased to 2.52 at 1,300 °C, indicating that
the defect concentration decreased as the pyrolysis temperature
increased. For traditional TF sintering (TF1100), the Ip/lg is
higher than that of M11005, suggesting a higher defect concen-
tration. X-ray photoelectron spectroscopy (XPS) analysis (survey
in SI Appendix, Fig. S4 and Table 1) for SHCs uncovers the
atomic ratio of carbon to oxygen (C/O) increases gradually from

A B

(A) Nitrogen adsorption/desorption isotherms, (B) NLDFT pore size distribution, and (C) SAXS patterns of SHCs.

19.37 to 27.90 with the increase in temperature due to the reduc-
tion of sp® hybrid carbon at the defect sites of HC and carbon-
oxygen linkages (34). The atomic ratio of C/O of TF1100 is 16.
04, which is smaller than that of M11005 (C/O = 23.88), meanin%
traditional TF sintering results in a higher percentage of sp
hybrid carbon and carbon-oxygen polar bond, which is in good
agreement with the Raman results above. The XPS spectra reveal
the chemical bond configurations of carbon and oxygen. Firstly,
as shown in Fig. 3 D-F, five separated peaks can be obtained for
C 1s at 284.8, 285.3, 286.7, 288.4, and 290.7 eV, which can be
assigned to_triangular bonded carbon (sp?), tetrahedral bonded
carbon (sp*), C-O bond, C = O bond and z-r*, respectively
(34-36). Sp” hybridized carbon atoms form a honeycomb gra-
phene layer while the sp® bonds are usually located at defect
sites. The detailed composition of C 1s for the different samples
(ST Appendix, Table S1) shows that the sp® carbon atoms

C
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(A-C) Fitted Raman spectra of SHCs with different temperatures based on the Lorentz function. The Raman spectra are divided into four bands

(i.e., T-, D-, D’-, and G-bands) (from small to large Raman shift, respectively). R? is a coefficient of determination. The high-resolution XPS spectra for

(D-F) C 1s and (G-/) O 1s of SHCs.

Zhen et al.
Ultrafast synthesis of hard carbon anodes for sodium-ion batteries

PNAS | 30f7
https://doi.org/10.1073/pnas.2111119118

CHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111119118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111119118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111119118/-/DCSupplemental

Downloaded at Imperial College London Library on October 18, 2021

gradually increase with the increase in pyrolysis temperature,
while the relative content of the C-O bond and C = O bond
decrease. These results reflect the reduction in the concentration
of defects and oxygen atoms and the facilitated formation of car-
bon sp? structure, which coincides with Raman analysis. It should
be noted that HC fabricated from SPS (63.13 at%) has fewer
C-O groups than that from the traditional tubular furnace (43.30
at%) at the same pyrolysis temperature. Fig. 3 G-I show the
high-resolution O 1s in SHC mainly from C-O at 533.4 eV and C
= O at 532.1 eV (37-39). The proportion of C-O groups gradu-
ally decrease with the increase in temperature (SI Appendix,
Table S2). As a result, the SPS technology effectively accelerates
the pyrolysis process of HC materials with few defects, leading to
a remarkably shortened pyrolysis time.

To study the rapid pyrolysis mechanism of the SPS process
with multifield-regulated effect, large-scale molecular dynamics
simulations were conducted. Three kinds of implemented simu-
lative conditions with a constant temperature (1,100 °C) were
built to illustrate the different annealing mechanism. One is
without an external field, another one is under external pres-
sure of 25 MPa only, and the last one is under applied bias (3.0
V/nm) and 25 MPa. The initially and finally obtained structures
are shown in Fig. 4 A-D. It can be noticed that lots of individ-
ual carbon atoms were rapidly and epitaxially bonded to gra-
phene layers under an external field. However, such behavior is
relatively slow and applicable for few carbon atoms without an
external field. A dilute system with randomly orienting gra-
phene layers was kept during the whole carbonation process.
By contrast, as shown in Fig. 4D, a relative compacted structure
is obtained. This could be the reason why the as-prepared HC
by the SPS process has smaller interlayer spacings and lower
surface areas. The visual dynamic procedures for these two pro-
cesses are listed in the SI Appendix (Movies S1 and S2),
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showing a faster transport and reduction of isolated carbon
atoms bonding2 to §raphene sheets. In addition, as presented in
Fig. 4E, the sp~/sp” ratio during simulation for the three simula-
tive conditions is quantified. To better understand the remark-
able effect of electric field, final material under external pres-
sure only was also simulated; the increase speed in sp?/sp ratio
is lower than that under applied bias and external pressure but
is a bit higher than that without any external field. In the case
of the annealing process under applied bias and external pres-
sure, the pgrolysis process is significantly accelerated from the
high sp?/sp ratio, affirming the rapid formation of HC and low
defect nature of the product from the SPS process. In order to
investigate the effect of electric field on electronic distribution,
density functional theory calculations were performed; the
results are shown in SI Appendix, Fig. S5. The yellow region
represents electron concentration (i.e., electro-negative region)
while blue represents the electro-positive region. It can be seen
on the edge of the graphene nano-flake that it had the most
notable charge distribution change upon electric field, which
may provide favorable sites for carbon to absorb. Recently,
Tour et al. (26, 27) reported a work of bottom-up flash gra-
phene synthesis also by Joule heating. They used a rapid power
dissipation of ~30 kW in a very short time and produced a very
high temperature of ~3,000 K, enabling a flash synthesis of
few-layer graphene from various amorphous carbon resources.
However, our power dissipation (<4 kW) and the target tem-
perature are much lower as we aim to rapidly fabricate HCs
with a large interlayer spacing and closed pores, ensuring an
excellent Na-ion storage performance. The weaker Joule heat-
ing of SPS technology is now favorable for fabricating HC and
controlling its structure compared with the overfast heating
rate, but it is still much faster than the traditional way. In addi-
tion, the SPS technology may be not suitable for the rapid

—— External pressure and electric field
6 | — External pressure only
— No external field

0.0 0.4

0.8
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Fig. 4. Molecular dynamics simulations. (A) Initial structure. Final material held at the target temperature for 2 x 10~° s (B) without external field, (C)
under external pressure of 25 MPa only, and (D) under applied bias and external pressure of 25 MPa. (E) Change of the structural composition for materi-

als under different conditions.
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Fig. 5. (A-D) CV curves of SHCs at 0.1 mV-s~" in a voltage range of 0.01 to 2 V. (F) Galvanostatic initial discharge/charge curves of SHCs at 0.03 A-g~". (F)
Rate performance at enhanced current densities of the SHCs. (G) Cycling stability at constant 0.03 A-g~ ' of SHCs. (H) A long cycle life test of M1105 at a

high rate of 1 A-.g™".

synthesis of graphene materials as the high-pressure condition
(usually 15 to 80 MPa) makes the preferential formation of
dense materials but is suitable for fabricating HC with smaller
surface area and less porosity.

Na-ion half cells were assembled to demonstrate the applica-
bility of SHCs anodes for SIBs. Cyclic voltammetry (CV) curves
at 0.1 mV-s~* for SHCs (Fig. 5 A-D) show a sharp peak near
0.1V, and a broad peak appears in the voltage window of 0.5 to
1.5 V, corresponding to the plateau region and the sloping
region (Fig. SE) of a typical HC anode for SIBs, respectively.
The peaks near 0.1 V turn sharper at a higher pyrolysis temper-
ature, and the broad peak gradually weaken. Such a difference
can be attributed to the less defect and lower porosity of HC
from higher pyrolysis temperatures. The galvanostatic dis-
charge/charge profiles of SHCs at 0.03 A-g~' (Fig. 5E) can be
divided into a sloping region above 0.1 V and a plateau region
below 0.1 V. M9005 delivers a reversible capacity of 217.8
mAh-g~' consisting of a short plateau capacit?f (80.1 mAh-g™ ")
and a long sloping capacity (137.7 mAh-g” ") with an initial
Coulombic efficiency (ICE) of 80.1%. The irreversible capacity
is largely associated with the initial formation of solid electro-
lyte interphase during the first few cycles (40). It is worth not-
ing that M11005 displays a reversible capacity of 299.4 mAh-g~!
with a high ICE of 88.9% and an increased plateau capacity
(152.5 mAh-g ). The increase in pyrolysis temperature change
the contribution of reversible capacity such that M13005 deliv-
ered the highest platform capacity (170.0 mAh-g~') and the
lowest slope capacity (112.6 mAh-g—!), while the overall revers-
ible capacity slightly decreases to 282.6 mAh-g~!, but the ICE
is as high as 91.2%. However, TF1100 has a lower reversible
capacity (272.0 mAh g ') and ICE (80.6%) than that of
M11005. The improved ICE confirms that HC with few defects
and low porosity by a low heating rate (0.5 °C-min~') in a TF
can reduce the irreversible capacity (24).

Zhen et al.
Ultrafast synthesis of hard carbon anodes for sodium-ion batteries

The rate performance of the SHCs electrode is presented in
Fig. SF. The reversible capacity of TF1100 electrode from
0.03A-g7 "' to 5 A-g! is 272.0, 250.7, 235.6, 220.3, 190.0, 161.3,
119.3, and 46.1 mAh-g~', respectively, which are similar to the
performance of HC in ether-based electrolytes reported in pre-
vious literature (41). However, the HC electrode prepared via
SPS has a better rate performance. M11005 delivers higher
reversible capacities than M9005 and M13005 at different cur-
rent densities; the corresponding capacities are 299.4, 288.5,
282.5, 272.5, 259.5, 242.4, 220.5, and 136.6 mAh-g', respec-
tively. When the current density returned to 0.03 A-g~', the
reversible capacity was returned to similar values of the first
five cycles for all the SHCs electrodes, indicating high revers-
ibility and stability in a wide discharge-charge current range.
Regarding the cycling performance (Fig. 5G), the reversible
capacity of SHCs only slightly decreased at 0.03 A-g~! after 100
cycles. High retention of 88% and 92% for M11005 and
M13005 are obtained, respectively. Remarkably, a specific
capacity of ~250 mAh-g~! was retained after 3,000 cycles at a
high rate of 1 A-g~' (Fig. 5H), indicating an outstanding long
cycle life of the prepared HC anode. In addition, the Na™ diffu-
sion coefficient was calculated from the galvanostatic intermit-
tent titration technique, as shown in SI Appendix, Fig. S6. The
curves can be divided into two parts at the boundary of 0.1 V,
corresponding to the slope and platform region in the discharge
profile. M11005 displays a bit higher Na* diffusion coefficient
than TF1100. In addition, the HC prepared by the SPS has bet-
ter electrical conductivity than that from conventional TE. The
measured conductivity of M11005 is 0.38 S-cm ™! at room tem-
perature, which is higher than 0.16 S-cm™' for TF1100.
Another reason responsible for the improved performance is
the remarkably lower oxygen content and porosity of HC from
SPS, which can reduce the irreversible reactions enabling the
higher ICE.
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Besides, we also investigated the effects of sintering times
and heating rates on the structure and properties of the materi-
als, as shown in SI Appendix, Figs. S7 and S8. HC materials can
be obtained even after calcination within one minute, which
displays the same reversible capacity (~270 mAh-g~') as that
from 10 min annealing. With the increase in calcination time,
the dyo, remain unchanged, but the defect concentration of the
material decreases gradually from the Raman spectra. Opti-
mized electrochemical properties are obtained when the HCs
are calcined for five minutes. On the other hand, the heating
rate by the SPS technology even at a fast rate of 500 °C-min—!
has a negligible impact on the Na-ion insertion properties. The
three samples prepared at different heating rates display com-
parable performance. This result is different from the tradi-
tional annealing route, a very slow heating rate (0.5 °C-min™")
is preferred to reduce the irreversible capacity coming from
defects (24). This finding further verifies the applicability of the
rapid synthesis strategy of HC anodes with high performance
by the SPS process. To further confirm the applicability of the
SPS fabricating HC materials, different carbon precursors, such
as fructose, glucose, and phenolic resin (PH), were also sin-
tered by this technology under the above-optimized conditions.
The XRD patterns of all HCs from different precursors have
two broad peaks around 23° and 43° (SI Appendix, Fig. S9).
The dy, of fructose-derived HC (FHC), glucose-derived HC
(GHC), and PH-derived HC (PHC) are 3.84, 3.79, and 3.80 A,
respectively. According to the SEM figure in SI Appendix, Fig.
S10, four materials are all micron block materials. No matter
what kind of precursors, SPS sintering technology can quickly
and efficiently yield HC materials, which exhibit satisfied
sodium storage capacity and rate capability. The galvanostatic
discharge/charge curves and rate performance of HCs are
shown in SI Appendix, Fig. S11. PHC delivers the highest
reversible capacity of 312 mAh-g~' among them. These results
demonstrate a great universality of such a method in fabricating
HC with good performance.

In summary, a field-assisted sintering process of the SPS
method is firstly used to synthesize HCs from various carbon
sources. This emerging technology cannot only prepare HC at a
high rate of speed compared with traditional sintering routes
but also effectively boost the pyrolysis process, leading to the
formation of HCs with fewer defects and smaller surface areas.
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Moreover, the accelerated pyrolysis mechanism is revealed
by molecular dynamics simulations. As a result, HC made
from the SPS method exhibits a significantly enhanced sodium
storage capacity and kinetics. This study gives a high-efficiency
and universal method to fabricate HC material with great
promise in an industrial application.

Materials and Methods

Materials Synthesis. Firstly, sucrose (Aladdin) was used as raw material to pre-
pare HC through SPS and the traditional way in a TF. Before the pyrolysis of
sucrose, it was dehydrated by heat treatment in the air at 180 °C and formed
into brown powdery precursors after ball milling. Then, the brown powder
was put into a corundum boat and precarbonized in a TF filled with argon gas
at 500 °C for 5 h. After the precarbonation, the black powder was ground and
put into the SPS hot pressing sintering furnace at a moderate rate of
300°C:min~", 3V applied voltage, and 20 MPa pressure to different tempera-
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depending on the different precursors. When arrived at the target tempera-
ture like 1,100 °C, the output power would decrease to around 1 kW with a
smaller current and voltage around 3 V. After the instrument was cooled to
room temperature, the block samples were taken out and ground to obtain
black SHCs powder. After annealing at 1,100 °C for 1 and 10 min, SHCs are
denoted as M11001 and M110010. Annealing at 1,100 °C for 5 min at a low
heating rate of 100°C-min~" and fast rate of 500 °C:min~", the corresponding
SHCs are denoted as L11005 and F11005, respectively. The dehydrated precur-
sor was calcined in a TF at 1,100 °C for 3 h with a heating rate of 5°C-min~",
denoted as TF1100.
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