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Precisely Tunable Instantaneous Carbon Rearrangement
Enables Low-Working-Potential Hard Carbon Toward
Sodium-lon Batteries with Enhanced Energy Density

Junijie Liu, Yiwei You, Ling Huang, Qizheng Zheng, Zhefei Sun, Kai Fang, Liyuan Sha,
Miao Liu, Xiao Zhan, Jinbao Zhao, Ye-Chuang Han, Qiaobao Zhang, Yanan Chen,

Shunging Wu,* and Li Zhang*

As the preferred anode material for sodium-ion batteries, hard carbon (HC)
confronts significant obstacles in providing a long and dominant low-voltage
plateau to boost the output energy density of full batteries. The critical challenge
lies in precisely enhancing the local graphitization degree to minimize Na*
ad-/chemisorption, while effectively controlling the growth of internal closed
nanopores to maximize Na* filling. Unfortunately, traditional high-temperature
preparation methods struggle to achieve both objectives simultaneously.
Herein, a transient sintering-involved kinetically-controlled synthesis strategy
is proposed that enables the creation of metastable HCs with precisely tunable
carbon phases and low discharge/charge voltage plateaus. By optimizing the
temperature and width of thermal pulses, the high-throughput screened HCs
are characterized by short-range ordered graphitic micro-domains that possess
accurate crystallite width and height, as well as appropriately-sized closed
nanopores. This advancement realizes HC anodes with significantly prolonged
low-voltage plateaus below 0.1V, with the best sample exhibiting a high plateau
capacity of up to 325 mAh g~'. The energy density of the HC||Na,V, (PO,),
full battery can therefore be increased by 20.7%. Machine learning study
explicitly unveils the “carbon phase evolution—electrochemistry” relationship.
This work promises disruptive changes to the synthesis, optimization, and
commercialization of HC anodes for high-energy-density sodium-ion batteries.

1. Introduction

Sodium-ion batteries (SIBs) are emerg-
ing as the most promising alternative
to lithium-ion batteries (LIBs) in large-
scale energy storage and low-speed elec-
tric vehicles owing to their low cost,!
abundant resource reserves, and low-
temperature applicability.>®] Currently,
SIBs are still in the exploration stage of
active material screening and battery sys-
tem optimization.” 3! In terms of anode
materials, hard carbon (HC) has risen
above its competitors as the preferred
choice for SIBs owing to its compre-
hensive performance advantages.[*7]

Structurally, HC is a highly complex
carbon alloy composed of randomly-
oriented pseudo-graphitic micro-domains,
amorphous regions, and open/closed
nanopores.l'®1°] The structural complex-
ity inevitably determines the diversity
of sodium ion storage forms in HC
anodes.[?) Despite ongoing debates, 2124
there is a general consensus that the
sodium storage in HC basically follows the
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“adsorption-filling” mechanism.>?%1 On one hand, the ad-
/chemisorption of Na* ions at defect sites and open surfaces
gives rise to a slope region in the high-voltage interval between
1.0 and 0.1 V, and normally accounts for more than 30% of the
overall capacity.?”-2%! On the other hand, the filling of Na* ions
into closed nanopores in a quasi-metallic state brings about a
low-voltage plateau region below 0.1 V.[2%-32] Notably, HC shows a
strong precursor dependence on its carbon microstructures and
heteroatoms.[2*3334 This essentially leads to significant differ-
ences in slope region and plateau region capacities of HCs ob-
tained from diverse biomass feedstocks.!3*3"]

From the perspective of full batteries, people prefer HCs to of-
fer long and dominant low-voltage discharge/charge plateaus like
the graphite anode in LIBs.[3¢-38] This is because the high-voltage
slope region of HC is detrimental to both the output cell voltage
and energy density of SIB full batteries.}**°] This raises a very
important scientific question: how to maximize plateau capacity
below 0.1 V and minimize slope region capacity by precisely mod-
ulating the various carbon phases (including crystalline carbon,
amorphous carbon, and nanopores) in HCs?

High-temperature sintering is the most direct and univer-
sal approach for regulating the microstructures of carbona-
ceous materials.*!l When subjected to elevated temperatures,
the pseudo-graphitic micro-domains in HCs become more long-
range ordered, while the proportion of amorphous carbon de-
creases, accompanied by a reduction in defect levels.[??] Ap-
parently, this is highly beneficial in reducing the Na‘* ad-
/chemisorption at defect sites and diminishing the slope re-
gion capacity. However, high-temperature treatment is a “double-
edged sword” for HCs, that is, when the slope region capacity de-
cays to a certain threshold, the plateau capacity, and the overall ca-
pacity will decline sharply accordingly. This is because the carbon
phase transition from amorphous to crystalline will promote the
closed pore growth inside the HCs. With the increase in pore size,
the nanopores will gradually become partially available or even
unfillable for Na* ions owing to a combination of factors such as
weakened induced nucleation activity, limited Na* conductivity of
high-crystallinity graphene walls, as well as low thermodynamic
probability of larger quasi-metallic cluster formation.[*>*] There-
fore, the current heat treatment of HCs has to find a trade-off be-
tween crystallinity and pore structure at moderate temperatures
(1400-1500 °C), which is manifested in commercial HCs retain-
ing considerable slope region capacity to avoid severe plateau ca-
pacity loss.[“?]

Very recently, a few special precursors containing easy graphi-
tizable components, for example, charcoal,l*’] bamboo,!*®! and
wood rich in crystalline cellulose,!*! have been screened out and
broke through the inherent contradiction between graphitiza-
tion and pore growth of HCs, resulting in the plateau region-
dominated HC anodes. Impressively, Chou et al. achieved all-
plateau and high-capacity topological graphitized carbon by uti-
lizing corn cobs as the precursor.>®! Although these isolated
cases are highly precursor dependent, they all indicate that easily
graphitized components can form locally highly graphitized re-
gions at lower temperatures, thus guaranteeing the formation of
usable nanopores of appropriate size.

To fundamentally solve the mutual constraint between graphi-
tization degree enhancement and nanopore growth, and get
rid of the dependence on precursors, here we have designed
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and introduced modified flash Joule heating technology in the
preparation of metastable HC anodes for the first time, trans-
forming the modulation of carbon phases inside HCs from
a thermodynamically controlled process to a kinetically con-
trolled process.’'>*] By precisely controlling the temperature
and width of transient thermal pulses, we can accurately regu-
late the local graphitization degree and closed pore growth of
HCs within seconds, obtaining HCs with both short-range or-
dered graphitic micro-domains and appropriately sized closed
nanopores (Figure 1a,b). More encouragingly, these kinetically
controlled HC products can well persist over long periods and
show a significantly prolonged low-working-voltage plateaus be-
low 0.1 V, with the best sample exhibiting a high plateau capac-
ity of up to 325 mAh g™ (89.5% of overall capacity, Figure 1c),
which is at the forefront of current research in whole-plateau
hard carbon. Most importantly, this high-plateau-capacity HC
enables us to construct HC || Na,;V,(PO,); full batteries with
an energy density increment of up to 20.7%. This technique
is universally applicable and precursor-independent, allowing
for the precise regulation of both commercialized and indepen-
dently synthesized HCs. We experimentally and theoretically
elucidate the structural evolution of carbon phases and closed
nanopores under pulses of different widths, as well as their cor-
relation with sodium storage electrochemistry. Our work pro-
vides transformative solutions for the structural optimization and
performance breakthrough of various carbonaceous electrode
materials in the field of sustainable energy storage/conversion
devices.

2. Results and Discussion

2.1. Correlation Between Precisely Tunable Carbon Phases
and Sodium Storage Electrochemistry

Utilizing a self-built Joule heating setup equipped with circulat-
ing cooling (Figure S1, Supporting Information), we subjected
commercial HC materials (BTR New Materials Group Co. Ltd.)
to a 1550 °C thermal pulse while precisely controlling the pulse
widths to be 5, 10, 20, 30, 45 and 60 s, respectively. The obtained
samples are defined as HC (x s), where x represents the ther-
mal pulse widths. Notably, the upper limit temperature for pro-
cessing conventional biomass HCs is usually below 1500 °C, and
heat treatment exceeding this temperature often leads to a sig-
nificant decay in plateau capacity, primarily due to the fact the
larger-sized nanopores formed at higher temperatures can only
be partially filled with Na* or even unfillable at all. Figure 2a for
the first time discloses the drastic changes in the sodium stor-
age electrochemistry of HC anodes after being treated with var-
ious pulse widths at the same temperature. As the pulse width
increases, the voltage of the slope region in the discharge curves
of HC anodes shows a continuous downward trend, while the
voltage of the slope region in the charge curves is also continu-
ously decreasing. Influenced by this, the average working volt-
ages during the discharge and charge processes of HC anodes
show a continuous decreasing trend (Figure S2, Supporting In-
formation). Specifically, the total capacity shows a trend of first
increasing and then decreasing. There are maximum values of
reversible charge capacity and plateau capacity at thermal pulse
widths of 20 and 30 seconds, respectively (Figure 2a). To further
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Figure 1. Schematic diagram of synthesizing HCs with precisely tunable carbon phases and low working potential plateaus. a) Schematic of carbon
phases, including crystalline carbon, amorphous carbon, and nanopores, in the pristine HC. b) Schematic of carbon phases in the metastable HC after
modified flash Joule heating. c) Precise carbon phase modulation endows HCs with significantly prolonged and dominant low-voltage plateaus below

0.1V.

quantitatively analyze the variations in plateau capacity and total
capacity with thermal pulse width, we define the part of the dis-
charge curve below 0.1 V and the part of the charge curve below
0.2 V as the plateau region, while the remaining parts are clas-
sified as the slope region for subsequent discussions. As mani-
fested in Figure 2b,c, both the plateau capacity during discharge
and charge processes reached an identical maximum value of
255 mAh g! after a flash sintering of 30 s, significantly out-
performing those of 204 and 207 mAh g™' for the pristine HC
sample (Figure S3, Supporting Information). Notably, both the
plateau capacity and total capacity showed a drastic decay after a
thermal pulse exceeding 30 s, indicating that the modulation ef-
fect of long thermal pulses on the carbon microstructures tends
to be consistent with traditional thermal treatment. Moreover, the
slope region capacity continues to decrease as the pulse width in-
creases in both the discharging and charging processes (Figure
S4, Supporting Information), which is consistent with what we
found in Figure 2a. Interestingly, after flash sintering for 30 s or
longer, the ratio between slope region capacity and plateau capac-
ity remains basically unchanged (Figure S5, Supporting Informa-
tion), possibly implying that the total capacity decay is related to
a decrease in the overall material utilization.

To gain insight into microstructural changes in HCs within a
60-second thermal pulse and their correlation with electrochem-
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ical performance, we first studied the evolution of local graphi-
tization using Raman, Fourier Transform infrared spectroscopy
(FTIR) and X-ray diffraction (XRD) spectroscopy. As disclosed
in Figure S6 (Supporting Information), no visible changes can
be observed in the FTIR spectra of HCs with increasing ther-
mal pulse width, indicating that the types and compositions of
valence bonds remain unchanged. By contrast, Raman spectra
reveal abundant information about the evolution of carbon mi-
crostructure. As Figure 2d,e demonstrate, the Raman spectra ex-
hibit three characteristic peaks, namely the D band at 1350 cm™,
G band at 1580 cm™! and 2D band at 2700 cm~!, which are
assigned to the out-of-plane vibrations of structural defects, in-
plane vibrations of sp* bonded carbon atoms and the thickness of
graphitic carbon.>>>%! As the pulse width increases, the intensity
of the G band gradually increases while the intensity of D band
continues to decrease. The value of I /I, increases from 0.86 to
1.61, indicating that the degree of local graphitization within HCs
is greatly enhanced. Moreover, when the pulse width reaches 20 s
or more, a 2D band appears in the spectra with increasing inten-
sity, suggesting that the thickness of graphitic micro-domains is
continuously increasing, and this process is clearly presented in
the contour map (Figure 2e).

XRD analysis can provide more quantitative average infor-
mation about the carbon phase evolution. As illustrated in
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Figure 2. Drastic carbon phase evolution of commercial HCs under different thermal pulse widths and temperatures. a) First-cycle discharge and charge
profiles of HC anodes after being treated with different pulse widths at 1550 °C. b,c) Plateau capacities and total capacities of HC anodes after flash
sintering for various durations during the discharge and charge processes, respectively. d,e) Raman spectra and corresponding contour maps of HCs
after flash sintering for various durations. f,g) XRD spectra and corresponding contour maps of HCs after flash sintering for various durations. h)
Measured d|qqy (interlayer spacing of amorphous carbon (002) peak) values of HCs after flash sintering for various durations. i) Average crystallite
width (L,) and crystallite height (L.) of graphitic micro-domains in HCs after flash sintering for various durations. j) First-cycle discharge and charge
profiles of HC anodes before and after being treated at 1550, 1700 and 1900 °C with a same pulse width of 30 s. k) Measured d g, values of HCs before
and after flash sintering at 1550, 1700 and 1900 °C for 30 s. |) Average L, and L. of graphitic micro-domains in HCs before and after flash sintering at
1550, 1700 and 1900 °C for 30 s.
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Figure 2f,g, two broad peaks appear at 23.5° and 43.8° corre-
sponding to (002) and (100) crystal planes of disordered amor-
phous structure,*”) while a sharp peak at 26.4° is assigned to
the (002) plane of inherent graphite component in HC. As the
thermal pulse width prolongs, the amorphous carbon peak lo-
cated at 23.5° gradually shifts toward a higher angle and even-
tually merges with the (002) graphite peak, indicating a continu-
ous enhancement in the degree of localized graphitization within
the HC. The interlayer spacing d,y, of amorphous carbon (002)
peak, as well as average crystallite width (L,) and crystallite height
(L) of graphitic micro-domains were further calculated by Bragg
and Scherrer formulas and presented in Figure 2h,i and Table
S1 (Supporting Information). As Figure 2h demonstrates, d
of amorphous carbon decreases from 3.694 to 3.548 A as time
progresses, strongly confirming the enhanced degree of localized
graphitization. The variations in L, and L, reflect more interest-
ing information on the evolution of graphitic micro-domains. As
the thermal pulse width increases, L, starts to increase slowly
and undergoes a sudden surge at 30 s, followed by a gradual
rise. By contrast, L. grows slowly in the first 30 s but then main-
tains a rapid increase. Combined with electrochemical perfor-
mance (Figure 2a), the maximum value of plateau capacity ap-
pears in a narrow time window when L, undergoes a sudden
jump but L. does not change significantly, that is, the graphitic
micro-domains are just in a short-range ordered state with fewer
layers.

The impact of different temperatures on the carbon phases
and sodium storage electrochemistry of HC anodes is shown in
Figure 2j and Figure S7 (Supporting Information). After under-
going the same 30 s, the total capacity and plateau capacity of
HCs treated at 1700 and 1900 °C showed significant decreases
compared to those treated at 1550 °C. The prominent 2D band in
the Raman spectrum indicates a significant increase in the layer
numbers of graphitic micro-domains of HC at 1900 °C (Figure
S8, Supporting Information). Moreover, the d, of amorphous
carbon reached 3.538 and 3.513 A after being treated at 1700 and
1900 °C for 30 s, respectively, revealing a high degree of graphi-
tization (Figure 2k; Figure S9). More interestingly, L, remains al-
most unchanged as the temperature rises from 1550 to 1900 °C,
while L. continues to increase (Figure 21; Table S2, Supporting
Information). Combining with electrochemical performance, we
can once again confirm that the sharp increase in L. is the di-
rect cause of the reduction in total capacity and plateau capac-
ity. Note that the rise of L. can be effectively avoided by adopting
shorter thermal pulses under high temperatures, thereby achiev-
ing a considerable plateau capacity. For example, reducing the
width of the thermal pulse at 1700 °C from 30 to 15 s can result
in a plateau capacity as high as 269 mAh g=! (Figure S10, Sup-
porting Information).

2.2. Evolution of Graphitic Micro-Domains and Closed
Nanopores Within Short Thermal Pulses

In HCs, the formation and evolution of closed nanopores are
highly related to and mutually influenced by the variation of
graphitic micro-domains.l’”*8 The evolution of local graphitic
domains and nanopores is further elucidated in relation to the
increasing thermal pulse widths through high-resolution trans-
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mission electron microscopy (HRTEM). As Figures 3a and S11
(Supporting Information) demonstrate, the degree of graphiti-
zation in pristine HCs is very low, and the graphitic micro-
domains are composed of twisted and defect-rich graphene rib-
bons (green boxes, where the length and width correspond to
L, and L, respectively). Meanwhile, a small number of closed
nanopores (yellow circles) can be observed, which is consistent
with the distinct slope region and low plateau capacity of the un-
treated HC anode (Figure 2a). When the thermal pulse width
reaches 10 s, the local graphitization degree of HC (10 s) was
significantly improved, and the pore size of closed nanopores
was slightly increased (Figure 3b; Figure S12, Supporting In-
formation). More importantly, the defect degree of graphene
ribbons constituting graphitic micro-domains was also greatly
reduced, resulting in the formation of some open nanopores
that have not been closed (yellow dotted circles), which can ex-
plain why the plateau capacity after 10 s treatment has markedly
enhanced but has not yet reached its maximum value. When
the thermal pulse width increases to 30 s (Figure 3c; Figure
S13, Supporting Information), the HC (30 s) sample showed
dramatically reduced defect level and noticeably increased L,
(green boxes). Due to the topological connection of graphitic
micro-domains, the open nanopores inside HC were eventu-
ally transformed into closed nanopores of appropriate size. This
is highly consistent with the experimental observation that the
plateau capacity of the HC (30 s) anode reaches its maximum
value (Figure 2a). Note that the apparent morphology of the
pristine HC and HC (30 s) has not changed at all, and the
chemical information of the sample surface also remains un-
changed (Figures S14 and S15, Supporting Information). This
implies that the change in internal carbon phase is the funda-
mental reason for the significant variation in electrochemical
properties.

After experiencing a 60 s thermal pulse, the crystallinity and L,
of graphitic micro-domains in HC (60 s) were further promoted,
resulting in the formation of larger closed pores (Figure 3d;
Figure S16, Supporting Information). Apparently, Na* ions will
encounter great resistance when penetrating through highly crys-
tallized and thicker graphene walls. Theoretical computations
also reveal that Na* ions are not likely to nucleate and form
stable quasi-metallic clusters within larger closed pores with
lower defect density.3%*2] This reasonably elucidates the under-
lying mechanism behind the drastic decline in total capacity and
plateau capacity after 60 s thermal pulse treatment. The nega-
tive impact of larger pores with high thickness and low defect
level on the plateau and total capacity of HCs was amplified and
revealed by using a graphitization furnace to calcinate HC sam-
ples at 2800 °C. As Figure S17 (Supporting Information) demon-
strates, the HC (2800 °C) sample exhibits extremely high crys-
tallinity and nanopores with more than 15 layers. As expected,
these large nanopores are almost unfillable to Na* ions, resulting
in a very low plateau capacity and overall capacity (Figure S18a,
Supporting Information).[*?]

Special aberration-corrected TEM further compared the car-
bon microstructure of the HC (0 s) and HC (30 s) samples at
a higher spatial resolution (Figure 3e,f). Apparently, the graphi-
tization degree of the pristine HC is low, and there are a few
small-sized closed pores and more unclosed open pores. By con-
trast, the local graphitization degree of the HC (30 s) sample has
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Figure 3. Evolution of graphitic micro-domains and closed nanopores during flash sintering. a—d) HRTEM images of HCs before and after being treated
for 10, 30, and 60 s at 1550 °C. e,f) Special aberration-corrected TEM images of pristine HC (0 s) and HC (30 s) samples. g) SAXS scattering curves of
HC (0's) and HC (30 s) samples. h) Pore size distribution curves of HC (0's) and HC (30 s) samples. i) Bar graph of BET and SAXS-fitted specific surface
areas of HC (0 s) and HC (30 s) samples. Note that the specific surface area of closed nanopores was calculated by subtracting the BET area from the

SAXS-fitted specific surface area.

been greatly improved, and a large number of closed pores of
suitable size are evenly distributed. To quantitatively study the
changes brought by transient high-temperature pulses to the HC
pore structure, true density measurement and small-angle X-ray
scattering (SAXS) (Figures S19 and S20, Supporting Informa-
tion) were performed.[>*l As presented in Table S3 (Supporting
Information), the true density of HC (0 s) and HC (30 s) were
measured to be 2.13 and 1.49 g cm~?, manifesting that the HC
shows a richer pore structure after a 30 s thermal pulse. More-
over, the SAXS pattern of HC (30 s) shows a higher intensity
in the intermediate q region (Figure 3g), again confirming that
the thermal pulse-treated HC possesses more nanopores (includ-
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ing closed and open pores).[**¢!l The derived pore size distribu-
tion curves indicate that the main pore size of HC (30 s) sam-
ple is 11.42 A, which is larger than that (9.23 A) of the pristine
HC (Figure 3h). The specific surface area of closed nanopores
was estimated by subtracting the Brunauer-Emmett-Teller (BET)
area (open pores, Figure S21, Supporting Information) from the
SAXS-fitted specific surface area (total pores, Figure S19, Sup-
porting Information).[®?! Apparently, the main pores in the HC
(30 s) sample are closed pores rather than open pores, and the
surface area of closed nanopores was significantly increased from
68.14 10 201.2 m? g! after the thermal pulse treatment (Figure 3i;
Figure S22, Supporting Information). These quantitative results

© 2024 Wiley-VCH GmbH
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Figure 4. Characterizations of Na*-ion storage in the HC (30 s) during discharge/charge processes. a,b) in situ XRD spectra and corresponding contour
maps of the HC (30 s) anode during discharge/ charge processes. ¢,d) in situ Raman spectra and corresponding contour maps of the HC (30 s) anode
during discharge/charge processes. e) Colorimetry experiment of HC (30 s) electrodes at the OCP and after being discharged to 1, 0.5, 0.3, 0.1, 0.05,
0.005 V and charged to 0.3, 0.5 and 3 V in an ethanol solution containing phenolphthalein. f-k) ex situ HRTEM images of HC (30 s) anodes after
discharged to six different potentials of 1, 0.5, 0.3, 0.1, 0.05, and 0.005 V, respectively.

of pore formation and evolution are highly consistent with the
observations of TEM.

2.3. Characterizations and Machine-Learning Study
of Na*-Storage Mechanism in Optimal HCs

In order to elucidate the sodium ion storage mechanism in our
optimal HC (30 s), in situ XRD, electrochemical impedance, Ra-
man and ex situ TEM characterizations were further performed
(Figure 4; Figure S23, Supporting Informastion). As Figure 4a,b
demonstrate, the (002) peaks in the stacked XRD spectra did
not show visible shifts throughout the discharge and charge pro-
cesses, confirming that no Na-ion intercalation occurred between
the graphitic carbon interlayers.[®*] In situ Raman provides more
information about Na* ion adsorption and pore filling.[%! As the
potential gradually decreases during discharge, Na* ions succes-
sively undergo ad-/chemisorption at defect sites and fill in the
closed nanopores, resulting in a reduction in defect sites in HCs
and a decrease in electron cloud density between graphitic car-
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bon interlayers. These variations lead to a gradual decrease in
Ip/I; and negative shift (blue shift) of G bands in the stacked
Raman spectra (Figure 4c,d). In the subsequent charge process,
these trends are exactly opposite and highly reversible.

To provide more direct evidence for the filling behavior of Na*
ions in the closed pores of the optimal HC (30 s), we disassem-
bled the HC anode electrodes at the open circuit potential (OCP),
as well as discharged to 1, 0.5, 0.3, 0.1, 0.05, 0.005 V and charged
to 0.5, 1.0 and 3 V from the half cells and soaked them in an
ethanol solution containing phenolphthalein (Figure 4e).[?] Ap-
parently, the three HC electrodes discharged to 0.1 V or below
(i.e., entering the plateau region) have caused the solution to turn
red and the color gradually deepens, which convincingly con-
firms that the low-potential capacity is indeed generated by fill-
ing closed nanopores with metallic sodium. More importantly,
the electrodes in the charged states no longer turned the solu-
tion red, indicating that the metallic sodium has completely re-
turned to the cationic state and the pore-filling process is highly
reversible.

© 2024 Wiley-VCH GmbH
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To gain a deep understanding of the morphology of metallic
sodium formed during the discharge process, we conducted in
situ TEM characterization of HC anodes in the initial three cy-
cles (Figure S24, Supporting Information) and ex situ TEM char-
acterization on HC anodes after discharged to six different poten-
tials (Figure 4f=k). As expected, no new phase was formed inside
the HC anode after discharged to 0.3 V, indicating that sodium
storage in the slope region is dominated by Na* ion adsorption.
Moreover, metallic sodium clusters with an average particle size
of a few nanometers (dotted yellow circles) began to appear when
discharged to 0.1V, and their number increased with the decrease
in voltage. By further analyzing the lattice with fast Fourier trans-
form (FFT), in situ TEM showed that lots of lattice streaks ap-
peared at the end of the first discharge (Figure S25, Supporting
Information). By using SAXS and 2*Na NMR spectroscopy, the
filling of sodium clusters in the closed nanopores of hard car-
bons can also be clearly observed (Figure S25, Supporting Infor-
mation). Moreover, diffraction points corresponding to the (100)
and (200) crystal planes of metallic sodium can be observed after
discharged to 0.1V (inset of Figure 4i), and the signal strengthens
with decreasing potential (insets in Figure 4j,k). The above results
intuitively illustrate that in the low-voltage plateau region, pore-
filling in a metallic state is the dominant storage form for Na*
ions in our HC materials. Notably, no sodium precipitation phe-
nomenon can be observed on the HC anode surface of the first
three cycles and after discharged to 0.005 V (Figures S25 and S26,
Supporting Information), revealing that the pore-filling process
is fundamentally different from the traditional electrodeposition,
which typically occurs at a lower potential of ~—0.01 V (Figure
S27, Supporting Information).

Previous first-principles calculations have shown:l®! that the
adsorption energies of Na intercalated in graphite are all pos-
itive, indicating that it is difficult for sodium ions to be stored
in graphite through intercalation. However, lithium ions can be
stored in graphite through intercalation, so the storage mecha-
nisms of Na and Li are different. This is in accord with our ob-
servations in the in situ XRD analysis (Figure 4a), and it also
demonstrates that the continuous increase in the layer num-
bers of pseudo-graphitic microdomains is detrimental to Na* ion
transport and sodium cluster nucleation.

Our experiments show the discharge profile can be divided
into two regions: the slope region and the plateau region. To bet-
ter understand the Na* storage mechanisms in these two voltage
intervals, we performed a study of the discharge curve using ma-
chine learning interatomic potentials (Figures S28-S31, Support-
ing Information). We constructed an HC model (250000 atoms)
to perform molecular dynamics simulations of Na-ion storage,
and a schematic of the process is shown in Figure 5a. Specifically,
the atomistic models of HC were constructed with specific values
of L, and L. To introduce diversity, the graphite microdomains
with set L, and L. are randomly rotated by an arbitrary angle in
3-D space, and this process is repeated multiple times, resulting
in numerous graphite sheets with random orientations. Next, we
randomly select and assemble these graphite sheets in 3D space,
ensuring a compact structure.

Molecular dynamics simulations are conducted on this assem-
bled structure to obtain the target model (Figure 5). Figure 5c
presents a hard carbon model where Na* ions are fully occupied
(i-e., fully discharged). We further divided the voltage profile into

Adv. Mater. 2024, 2407369

2407369 (8 of 14)

www.advmat.de

three regions (Figure 5b), with the corresponding Na* ion inser-
tion sites in each region depicted in Figure 5d—f. During discharg-
ing, Na* ions first anchor at the edge sites between graphene lay-
ers in the graphitic micro-domains. This is followed by further
immobilization of Na* ions near these sites, or adsorption of Na*
ions on the surface. The voltages corresponding to these two Na
storage sites are relatively high, manifesting as the slope region (I
and II in Figure 5b). The plateau region corresponds to the con-
tinuous embedding based on the slope region, where the prior
Na* ion implantation facilitates the subsequent Na-ion storage
in the closed pores similar to “house of cards”, resulting in a low
working potential (III in Figure 5b). More importantly, Na* ions
stored in the plateau region mostly exist in the form of sodium
clusters (yellowish-brown balls), which is in consistence with the
observations of ex situ TEM. It is worth emphasizing that, the
high alignment between our simulated discharge curve and ex-
perimental data (blue curve in Figure 5b) convincingly validates
the predictive capability of the atomic-level potential.

We have shown that the thermal pulse widths significantly af-
fectthe L, and L. values, and further determine the overall capac-
ity and potential plateaus. Here we constructed structural models
with different L, and L, and theoretically elucidated the impact of
these variables on the sodium storage electrochemistry of HCs.
Figure 5g,h show the simulated discharge curves corresponding
to different L, and L, respectively. When L_ is fixed and L, mono-
tonically increases, the slope region capacity shows a continu-
ous downward trend. This is mainly because the higher L, per
unit mass of graphitic micro-domains, the fewer anchoring sites
for Na* ions. Moreover, the size of L, does not directly affect the
overall capacity of the HC anode, which is consistent with what
we found in Figure 2a,i. By contrast, with the increase of L, the
slope region capacity gradually increases, but the plateau capac-
ity and overall capacity continue to decrease (Figure 5h). This is
because the increase in the layer numbers of the graphitic micro-
domains can provide more edge interlayer sites, thereby boost-
ing the slope region capacity. Meanwhile, since Na* ions can-
not intercalate into the graphite layers, the more graphene layers
per unit mass of graphitic micro-domains, the lower thermody-
namic probability of forming quasi-metal clusters, resulting in
a simultaneous decrease in plateau and total capacity. The re-
lationship between L. thickness and capacity from calculations
and experiments are both shown in Figure 5i, demonstrating the
same trend of change. Both theoretical calculations and exper-
imental results demonstrate that short-range ordered graphitic
microdomains, especially those with appropriate L, and lower L_,
are most beneficial for achieving high plateau and total capacity.

2.4. The HC (30 s) Anode Enhances the Energy Density of Na-lon
Full Batteries by Over 20%

Figure 6a shows the first-cycle discharge/charge profiles of pris-
tine HC and HC (30 s) in half-cells at 30 mA g~!. Apparently,
the HC (30 s) anode shows a significantly longer plateau region
during both discharge and charge processes, which accords well
with what we found in Figure 2a. The HC (0 s) anode delivers
discharge and charge capacities of 317.2 and 280.4 mAh g,
respectively, corresponding to an initial Coulombic efficiency
of 88.39%. By contrast, the HC (30 s) anode exhibits higher
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Figure 5. Machine-learning study of Na*-ion storage mechanism in HCs. a) Schematic diagram of the modeling process. b) The measured and fitted
voltage curves of the discharge process. c) The structural model of HC with maximum Na* storage in a fully discharged state. d-f) Structural models of
HC in three different stages (I, II, and |1l in 5¢) during the discharge process. g) The correlation between voltage profile and specific capacity at fixed L.
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Figure 6. High-plateau-capacity HCs enable better Na-ion batteries and strategy universality. a) First-cycle discharge/charge profiles of HC (0 s) and HC
(30s) electrodes. b) GITT curve and corresponding Na* diffusion coefficient curves of the HC (30 s) anode during the first discharge/charge processes.
c) Rate performance of HC (0's) and HC (30 s) electrodes at various current densities of 30, 60, 150, 300, 600, and 1500 mA g~! and long-term cycling
stability at 30 mA g'. d) Ultra-long cycling test of HC (0's) and HC (30 s) electrodes at 300 mA g~'. e) The theoretical matching graph of charge and
discharge curves for the NVP cathode and HC (30 s) anode. f) The theoretical matching graph of charge and discharge curves for the NVP cathode
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discharge and charge capacities of 327.9 and 289.8 mAh g, re-
spectively. Notably, the HC (30 s) anode presents a comparable
first-cycle Coulombic efficiency (88.38%) to the pristine HC, in-
dicating that the thermal pulse treatment does not cause irre-
versible side reactions while boosting the total and plateau ca-
pacities. Cyclic voltammetry (CV) curves of HC (0 s) and HC
(30 s) anodes are compared in Figures S32 and S33 (Support-
ing Information) at various scan rates from 0.1 to 10 mV s,
The drastic suppression of the reduction and oxidation peaks
at around 0.6 V further reveals a significant decrease in the ad-
sorption/desorption capacity of Na* ions in the slope region, !
which is also consistent with the results of the differential ca-
pacitance (dQ/dV) curves (Figure S34, Supporting Information).
Galvanostatic intermittent titration technique (GITT) can mea-
sure the ionic diffusion coefficient of HC anodes during the dis-
charge/charge processes,[®! and divide the reaction into different
stages according to the evolutionary trend. As shown in Figure 6b
and Figure S35 (Supporting Information), the measured ionic
diffusion coefficient curves show three distinct intervals, with in-
tervals IT and III corresponding to the slope region and plateau
region, respectively. Apparently, the pristine HC anode presents
a wide II region and a narrow III region. In stark contrast, the
HC (30 s) anode shows a very narrow II region and an extended
II1 regions, strongly demonstrating the transition from the slope
region to the plateau region.

To gain insight into the impact of transient high-temperature
treatment on the rate capability and cycling performance, half
coin-cells with HC (0 s) and HC (30 s) as the working electrodes
were activated at 30 mA g~! for two cycles, and then ran for 10
cycles at 60, 150, 300, 600, and 1500 mA g~!, respectively, and fi-
nally switched back to 30 mA g~! for long-term stability test. As
Figure 6¢c demonstrates, the HC (30 s) anode delivers higher re-
versible capacity at each current density, indicating that the ap-
propriate local graphitization degree does not affect the trans-
port and storage of Na* ions in HCs. Notably, the further im-
provement of graphitization degree will in turn lead to the de-
cay in ionic transport and rate performance (e.g., HC (60 s) in
Figure S36, Supporting Information). Application-oriented ultra-
long cycling test of pristine HC and HC (30 s) anodes were per-
formed at 300 mA g' after two activation cycles at 30 mA g™
(Figure 6d). The HC (30 s) anode shows comparable or even more
stable cycling performance than the pristine HC (0 s) anode.
More encouragingly, the HC (30 s) anode preserves a reversible
capacity of 187 mAh g=! and a capacity retention rate of 83.5%
after 2000 cycles, demonstrating excellent application prospects.
Moreover, the HC (30 s) anode still exhibits a plateau capacity ad-
vantage of over 40 mAh g~! relative to the pristine HC electrode
after 2000 cycles (Figure S37, Supporting Information). Given the
above, our modulation and enhancement of the plateau capacity
contribute to improving the comprehensive electrochemical per-
formance of HCs to a large extent.

As an empirical proof, we used Na,V,(PO,); (NVP) cathode
materials coupling the HC (30 s) and pristine HC (0 s) anodes
to predict their full-cell performance (Figure 6e,f). Apparently,
the HC (30 s) || NVP full cell shows higher specific capacity and
significantly larger integral area associated with energy density
than that of the pristine HC (0 s) || NVP full cell owing to the
longer plateau region. In practice, our assembled HC (30 s) ||
NVP and HC (0 s) || NVP full cells exhibit reversible capacities
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of 84.6 and 75.5 mAh g~' at 10 mA g!, respectively (Figure 6g;
Figure S38, Supporting Information). More importantly, the HC
(30 s) || NVP cell shows a significantly elongated and higher op-
erating voltage plateaus during both discharge/charge processes.
As such, the output energy density of HC (30 s) || NVP cell
(198 Wh kg™') exceeds that of HC (0 s) || NVP cell (164 Wh kg™1)
by up to 20.7%. The optimal HC (30 s) anode also promotes
the working plateau and energy density of NaNi,Fe,Mn,,0,
(NFM) cathode-based full cell. As shown in Figures S38 and S39
(Supporting Information), the HC (30 s) || NFM and HC (0 s) ||
NFM cells show reversible capacities of 83.8 and 78.5 mAh g7,
respectively. Clearly, the HC (30 s) || NFM cell can reach the
plateau region more quickly and present minimal slope capacity
during discharge. As expected, the HC (30 s) || NFM cell exhibits
an energy density (171 Wh kg™!) that is 18.8% higher than HC
(0's) || NFM cell (144 Wh kg™'). To more accurately assess the
improvement in energy density, pouch cells were assembled for
comparison. The corresponding schematic diagram and charge-
discharge curves are provided in Figure S40 (Supporting Infor-
mation). The HC (30 s) || NVP pouch cell exhibited an energy
density of 189.33 Wh kg1, representing an 18.44% increase com-
pared to the 159.85 Wh kg~! of the HC (0 s) || NVP cell.

2.5. The Universality of Carbon Phase Modulation Strategy
on Commercial and Self-Made HCs

The precise carbon phase modulation strategy was further ex-
tended to various commercial hard carbons to illustrate the uni-
versal applicability of the method. As manifested in Figure 6h
and Figures S41 and S42 (Supporting Information), both hard
carbons (TZ-510 and Type 2) from Kuraray Corporation showed a
significant decrease in the slope capacity after screening the opti-
mal thermal pulse widths, while the plateau capacity was greatly
improved. As demonstrated in Figure 6i, the plateau capacities
of the Type 2 and TZ-510 anodes increase from 199 and 161 to
249 and 248 mAh g7!, respectively, with growth rates of 25.13%
and 54.04%. Moreover, XRD and Raman spectra of Type 2 and
TZ-510 HCs before and after thermal pulse treatment show the
consistent evolution laws that we found in Figure 2, strongly il-
lustrating the generalizability of our method (Figures S41 and
S42, Supporting Information).

In addition to commercial HCs, we have also indepen-
dently synthesized HC materials starting from starch precur-
sors. Specifically, two precursors were adopted: low-temperature
(800 °C) pre-calcination combined with thermal pulse treatment
of porous starch (1700 °C, starch-I, Figure 6j) and esterified
starch (1468 °C, starch- II, Figure S43, Supporting Information).
Clearly, the HCs synthesized by incorporating the thermal pulse
step all deliver higher reversible and plateau capacities. Especially
for Starch-1, it exhibits a reversible capacity of 363.2 mAh g!
and a plateau capacity up to 325 mAh g=!, which is currently the
state-of-the-art level in the whole-plateau hard carbon research.
As Figure 6i demonstrates, the plateau capacities of the starch-II
anodes also increase from 202 to 266 mAh g=!, respectively, con-
currently achieving high initial Coulombic efficiencies of 93.17%
and 87.21%. Given the above, our concept of modulating the lo-
calized graphitization degree and nanopore growth by thermal
pulse treatment can be widely applied to various commercial and
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self-made HCs, all of which can achieve precise control of work-
ing potentials and plateau capacities.

3. Conclusion

In summary, we have achieved accurate regulation of the lo-
cal graphitization degree and closed pore growth of HCs within
dozens of seconds, leading to kinetically controlled HCs with
short-range ordered graphitic micro-domains and appropriately
sized closed nanopores. More importantly, the optimized HC
sample after flash sintering can yield a significantly prolonged
and dominant low-voltage plateau below 0.1 V, with the optimal
sample exhibiting a high plateau capacity of up to 325 mAh g1,
justlike graphite anodes in lithium-ion batteries. The pivotal role
of high-plateau-capacity HC anodes in significantly boosting the
energy density of SIB full batteries up to 20.7% has been convinc-
ingly demonstrated. Furthermore, this carbon phase regulation
technology has been further extended to various commercial and
independently synthesized HCs, demonstrating its robust uni-
versality. We have experimentally and theoretically elucidated the
structural evolution of carbon phases and closed nanopores un-
der pulses of different widths, as well as their correlation with
Na* storage electrochemistry. This work paves the way for de-
signing and synthesizing transformative HCs with customiz-
able sodium storage mechanisms and their application in high-
energy-density SIBs.

4. Experimental Section

Materials Synthesis:  All the reagents are directly used without further
treatment. Hard Carbon-B (BTR New Materials Group Co. Ltd.), Tz-510
(Kuraray), and Type 2 (Kuraray) are commercial HCs purchased directly
from the company. The home-made HCs, starch-l and Il, were synthe-
sized by rice starch (Shanghai Yuanye Bio-Technology Co., Ltd). Specifi-
cally, the starch precursor was heated at a rate of 5 °C min~" to 800 °C
under an argon atmosphere and maintained for 3 h, resulting in Starch
(800 °C). Further, Starch (800 °C) was heated to 1400 °C at a rate of
5 °C min~! under an argon atmosphere and maintained for 3 h, yielding
Starch (1400 °C). The flash sintering was performed in a self-built Joule
heating setup equipped with a temperature control system and circulat-
ing cooling system. The above HCs (0.5-5 g) were enveloped in the cavity
of carbon felt (2.5x8.5 cm) before flash sintering, with two sides of the
carbon felt connected to the positive and negative poles of the clamp.
After sealing the reaction chamber, three vacuum operations were per-
formed to remove the internal air for subsequent operations. The carbon
phase regulation of the above-mentioned HCs was then achieved under
different pulse temperatures and pulse widths. As a comparison, the ex-
treme graphitization of HCs was obtained by calcinating the HC sample
at 2800 °C using a graphitization furnace.

Electrode Preparation and Battery Assembly: The anode electrode was
fabricated by mixing the HCs and carboxymethyl cellulose (CMC) binder
in a mass ratio of 95:5, and then stirring several times by a planetary
ball mill. Subsequently, the slurry was cast onto copper foil, and then
dried at 120 °C for 6 h in a vacuum oven. The electrodes were cut into
12 mm discs with an average mass loading of ~2 mg cm™2. The half-
cells were constructed using coin-type cells (CR 2032), wherein Na metal
foil and glass fiber (Whatman GF/D) were severed as counter electrode
and separator, respectively. Additionally, 1 m NaPF¢ dissolved in dimethyl
ether (DME) was adopted as an electrolyte. All the batteries were assem-
bled in a glove box (MIKROUNA) with an oxygen and water content of
less than 0.1 ppm. For preparing cathode electrode, the active material

(NaNi,Fe,Mn .., O, (NFM) and Na;V, (PO,); (NVP)), conductive agent
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(super P) and polyvinylidene fluoride (PVDF) were mixed in N-methyl-2-
pyrollidone solvent with a mass ratio of 8:1:1. The obtained mixture was
stirred using a planetary ball mill, then coated onto a carbon-coated alu-
minum foil. After vacuum drying, the electrodes were cut into 12 mm discs
with an average mass loading of 6 mg cm™2. Full cells were assembled us-
ing coin-type cells (CR-2032), wherein HCs and NVP (or NFM) served as
the anode and cathode, respectively, with the N/P ratio controlled within
the range of 1.05 to 1.15. The electrolyte, consisting of 1 m NaClO, dis-
solved in a mixed solvent of EC: PC (v/v, 1:1), was employed to assemble
the NFM || HC full cells. In contrast, NVP || HC full cells were constructed
using an electrolyte of 1 M NaPFg dissolved in diglyme solvent.

Training Details for Machine Learning Interatomic Potential: The
DeePMD-Kit package utilizes the smoothing method during the training
process of the Deep Potential (DP) model.l®”] For this work, the descriptor
“se_e2_a" was used, which is short for the Deep Potential Smooth Edition
(DeepPot-SE) constructed from all information (both angular and radial)
of atomic configurations. The cutoff radius of adjacent atoms in the model
was set to 6.0 A, and the inverse distance was gradually smoothed from
0.5 A to 6 A. The filtering neural network was composed of three hidden
layers[20, 40, 80], while the fitting network consisted of [240, 240, 240]. The
neural network was initialized with random parameters, and the total num-
ber of training steps was 600 000. The Adam stochastic gradient descent
method was used for training the model,[%8] which caused the learning
rate to exponentially decrease relative to the starting value of 0.001. The
decay step and decay rate were set to 2000 and 0.996, respectively.

The loss function L was defined as follows:

P P Pe \no
L (poppe) = o8B + 20 D IAR[ + orlAS? (1

where AE and AF; represent the mean square errors in energies and forces,
respectively. The energy perfector p, decreased from 0.02 to 1, while the
force prefactor py decreased from 1000 to 1. It is worth noting that the
training process did not include virial data.

Materials Characterization and Electrochemical Measurements: The
characterization of material structure and morphology, as well as electro-
chemical measurements, are provided in the experimental section of the
supporting materials.
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Supporting Information is available from the Wiley Online Library or from
the author.
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