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Closed pores formed in hard carbons play an essential role in sodium storage at plateau region. How-
ever, the effect of different structural features on the diffusion of sodium ions into closed pores remains
unclear. Herein, a precursor reconstruction strategy is conducted to regulate carbon microstructures in-
cluding interlayer spacing, defect concentration, and closed pore volume by changing the ratio of aro-
matic and polysaccharide components. Aromatic structure parts tend to develop disordered carbons with
fewer defects, larger interlayer spacing, and smaller closed pore volume, while polysaccharide compo-
nents prefer to form disordered carbons with more defects, smaller interlayer spacing, and larger closed
pore volume. Through the correlation analysis of microstructure features and the sodium storage capac-
ity below 0.1V. It finds that the intercalation capacity is proportional to the ratio of pseudo-graphitic
domains, whereas the pore filling capacity appeared at lower potential gradually decreases with the in-
creasing defect concentration due to homo-ionic repulsion effect, without linear correlation with short-
range microcrystalline and closed pore volume. The optimized sample with suitable interlayer spacing
and defect concentration exhibits a high plateau capacity of 241.7 mAh/g. This work provides insights

into the exploitation of closed pore sodium storage performance.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hard carbons (HCs), with large interlayer spacing, abundant de-
fects, and internal pores, are considered as the most promising
anode materials for sodium-ion batteries (SIBs) [1-3]. The stor-
age of Na* ions in HCs is generally divided into slope region
(>0.1V) and plateau region (<0.1V). The low-voltage feature of
plateau region facilitates the enlargement of operating voltage win-
dow and the increase of energy density in full cells [4,5]. Closed
pores, defined as the enclosed spaces inside material, are a typ-
ical structural feature in HCs [3]. Distinct from open pores (con-
nect with outside environment), closed pores usually play an im-
portant role in sodium storage at plateau region [6-8], and the
main existence form of sodium in closed pores has been identi-
fied as quasi-metallic sodium clusters [1,9-11]. Normally, closed
pores in HCs are surrounded by disordered carbon sheets, pseudo-
graphitic structures, or graphite-like structures [6,7,12,13], and car-
bonization temperature is an important factor affecting the forma-
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tion of closed pores [14]. However, the microstructure of HCs is
rather complicated due to the diversity of precursors and prepa-
ration methods. The effective way of regulating the closed pores
structure and the mechanism to achieve the diffusion of Na™ ions
into closed pores are still unclear.

Precursor properties that normally play a decisive role in the
structure and electrochemical performance of the derived HCs have
attracted widespread attention from researchers [15-17]. Zhou
et al. [12] regulated the thickness and number of closed pores in
HC by removing the lignin and hemicellulose in wood precursor.
The obtained HC sample exhibits enhanced sodium storage perfor-
mance below 0.1V, which is attributed to rich closed pores with
thin pore wall structure. Shao et al. [18] reported that replacing
the alkyl with aryl groups in epoxy resin precursor can increase
the crosslink density, which leads to a more disordered carbon
microstructure. The disordered microstructure with sufficient in-
terlayer spacing provides accessible channels for Na*t ions to en-
ter closed pores, achieving a high plateau capacity. Moreover, our
previous work achieved the regulation of HCs porous structure
by changing the oxygen content in esterified starch [19]. The re-
moval of excess oxygen promotes the closure of open pores during
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Fig. 1. (a) Schematic diagram of precursor reconstitution. (b) FTIR spectra. (c) TG-DTG curves. (d) Py/GC-MS spectrum of the precursors at their corresponding pyrolysis

peak temperature.

carbonization process. The optimized sample with a large closed
pore volume exhibits a high pore-filling capacity at low potential
region. Although the researchers effectively regulate the HC mi-
crostructures, especially closed pores, through the modification of
precursors, the enhancement of pore filling capacity is usually at-
tributed to the increase of closed pore volume, while the effect of
HC microstructures on the diffusion of Na* ions into closed pores
has not received sufficient attention.

In recent research, Yuan et al. [13] pretreated coal pith precur-
sor under O, and N, atmosphere to prepare cross-linked hard car-
bon (PHC) and orientated soft carbon (PSC), respectively. Compared
to PSC, the PHC delivers an obvious plateau capacity attributed to
the rich closed pores in bulk phase. They found that not all of
closed pores can be utilized by the diffusion of Na* ions. Thus, a
concept of accessible closed pores was first proposed. This method
is used to correct the surface area of closed pores by introduc-
ing a correction factor A, where A is calculated based on the in-
terlayer spacing (A;) or graphite domain size (A;). The accessible
closed pores area corrected by A, shows a higher linear relation-
ship with the plateau capacity than A;. Although this work pro-
vides a general mechanism model for the closed pore sodium stor-
age, the structural parameters (such as interlayer spacing, graphite
domain size, defect concentration, and closed pore volume) in this
method all vary linearly with the carbonization temperatures (from
low to high temperatures), and the effects of different microstruc-
tures on Na* ions diffusion are coupled together. Therefore, further
research needs to focus on the effect of single structural feature on
the closed pore sodium storage.

Herein, a spray drying method was used to reconstitute lignin
(typical aromatic structure) and starch (typical polysaccharide
structure) precursors. Benefiting from the variation in precursor
components, the structural parameters of the derived HCs were
effectively regulated under the same carbonization temperature
(1300°C). The influence of precursor components on the HC mi-
crostructures including defect concentration, interlayer spacing,
and closed pore volume was systematically investigated. After cor-
relation of HC structural features with the plateau area capacity,
the effects of different microstructures on the diffusion of Na* ions
in HC bulk phase were revealed.

As illustrated in Fig. 1a, equal mass of lignin (L) and starch (S)
were dissolved and mixed thoroughly in hot water. Then, the solu-
tion was spray-dried to obtain the reconstituted precursor (LS). For
comparison, L and S were processed separately as single compo-
nents under the same conditions. As shown in Fig. S1 (Supporting
information), the spray-dried precursors exhibit sphere-like mor-

phology caused by the rapid evaporation of solvent from small
droplets. After high-temperature carbonization, L1300 and LS1300
completely preserve the initial shape inherited from precursors,
while S1300 displays the irregular fragment shape, which is at-
tributed to the poor thermal stability of polysaccharides [20].

To investigate the interactions between two components,
Fourier transform infrared (FTIR) spectra were employed to analyze
the variations of functional groups (Fig. 1b). Compared to S, the
peak intensity of OH stretching vibration (3430 cm~!) and bending
vibration (1635 cm~1) in LS decreases significantly, demonstrating
the presence of strong hydrogen bonding interactions. Moreover,
the absorption peak of the aromatic skeleton (850 cm~!) form L
is shifted to higher wavenumber in LS, indicating the formation
of new cross-linked structure in the mixture [21]. Thermogravi-
metric (TG) analysis was conducted to trace the pyrolysis process,
and three precursors exhibit different pyrolysis behavior (Fig. 1c).
The carbon yield of S and L is 8% and 48%, respectively. Under the
physical blending condition, the carbon yield of LS is considered
to be 28%. Actually, LS shows a higher carbon yield of 35%, indi-
cating the self-crosslinking effect of LS. Pyrolysis-gas chromatogra-
phy/mass spectrometry (Py-GC/MS) was applied to further detect
the gaseous products of L, LS, and S at their corresponding pyroly-
sis peak temperature (Fig. 1d). The major gaseous products of L are
methanethiol, phenol analogs, chain-like esters, and polyaromatic
compounds, and that of S are carbonyl compounds, anhydrous-
glucopyranose, and melezitose (Fig. S2 in Supporting information).
As shaded in Fig. 1d, a big chromatographic peak appears around
17.9 min, which is assigned to levoglucosan [22]. The intensive re-
lease of levoglucosan is the main reason for the structural foaming
and low carbon yield of S [23,24]. However, levoglucosan is signifi-
cantly inhibited in the pyrolysis of LS. These results prove that the
blend of L and S is chemically cross-linked to each other, stabiliz-
ing the carbon skeleton and reducing carbon loss.

CO, adsorption technique was employed to detect the porosity
properties of the final HCs (Fig. 2a). The specific surface area (SSA)
and open pore volume of L1300, LS1300, and S1300 are 380.14,
132.09, and 44.61 m?/g and 0.099, 0.030, and 0.007 cm3/g, re-
spectively (Table 1). This phenomenon indicates that the change
of precursor components exerts an obvious effect on the evolution
of porous carbon skeleton. Raman spectra were conducted to char-
acterize the defect concentration of the carbon materials (Fig. 2b).
Two typical peaks locate at 1350 and 1580 cm~!, which are as-
signed to the D band and G band, respectively. The calculated ratio
of Ip/lg is 1.97, 2.16, and 2.31 for L1300, LS1300, and S1300, re-
spectively. These results indicate that the polysaccharide structure



M. Song, L. Xie, F. Su et al.

Chinese Chemical Letters 35 (2024) 109266

a o b c 14 400
_? *— L1300 o p_'l s a\
E —— LS1300 ",,"' " N \ E.
=™ 810 /," 3 |tiremr07_/ T \ 00 _
- 5 T \' LY
: = /NN o .
- H 5 \ "
I - F &
:_:'- ; i Jpo S E | : \ ' o
=
ot ; TR
0.00 l.ill 002 I'MI]J 1000 1200 1400 1600 1500 2000
3 L1300 L51300 51300
d Relative pressure (P/Py) Raman shift (cm™!)
€
028 - r | i' -
;| u e !
Sois BNEN 2NN N aih
e z
nazt z
- 002 42 ]
=== Highly disordered
o = Pseudo-graphitic
u;w ual'm SI;QII 0 20 M 40 N &0 T N 16 20 M 2.
26 (degree)

20 (degree) %

Fig. 2. Structural characterization of the HCs. (a) CO, adsorption isotherms. (b) Raman spectra. (c) The changing trends of Ip/Ig and specific surface area measured by CO,
adsorption. (d) True density and closed pore volume. (e) XRD patterns. (f) Fitting result of the (002) peak. (g-i) HRTEM images. Insets in (g-i) show the corresponding FFT

patterns.

Table 1
Structural parameters of the prepared HCs.

Sample dooz Ly Lc Ip/lg Sger (CO) Vopen pore (CO2) True density Velosed pore
(nm) (nm) (nm) (m?/g) (cm?[g) (He) (g/cm?) (cm?[g)
L1300 0.394 2.76 1.02 1.97 380.14 0.099 1.907 0.082
LS1300 0.390 2.81 1.01 2.16 132.09 0.030 1.776 0.121
$1300 0.382 2.97 0.92 231 44.61 0.007 1.867 0.093

facilitates the reduction of the SSA of carbon materials but in-
creases the defects, while the aromatic structure increases the for-
mation of open pores but reduces the defects (Fig. 2¢). In addi-
tion, Small angle X-ray scattering (SAXS) was adopted to detect the
porous structures in HCs. As shown in Fig. S3 (Supporting informa-
tion), a broad plateau appears around 0.1 A~!, which is a typical
feature for the existing of closed pores [8,12]. To acquire the ac-
curate closed pore volume, true density test was performed using
helium as the analysis gas [3]. Ideal graphite has a layered struc-
ture without internal pores, and its true density is 2.26 g/cm3. The
total closed pore volume in HCs can be calculated according to the
equation [3,14].

v 11
Closed Pore = Pirue 226

(1)

As shown in Fig. 2d, L1300 possesses the smaller closed
pore volume (0.082 cm?3/g) than S1300 (0.093 cm3/g). After self-
crosslinking of L and S, LS1300 exhibits the highest closed pore
volume of 0.121 cm3/g.

X-ray diffraction (XRD) was used to further investigate the crys-
talline structure of the HCs. Two broad peaks appear around 23°
and 44°, demonstrating the disordered nature of biomass-derived
carbon materials (Fig. 2e). Compared to L1300, the position of
(002) peaks in LS1300 and S1300 slightly shifts to higher de-
gree. The interlayer spacing (dggp) of L1300, LS1300, and S1300
is calculated to be 0.394, 0.390, and 0.382 nm, respectively. More-
over, the (002) peak fitting results display the proportion varia-
tion of highly disordered (dyg, larger than 0.40nm) and pseudo-
graphitic (dygy between 0.36-0.40 nm) microstructures (Fig. 2f and

Fig. S4 in Supporting information) [25,26]. L1300 possesses the
highest proportion (46.2%) of highly disordered carbons, while
S$1300 contains the highest proportion (60.6%) of pseudo-graphitic
domains (Table S1 in Supporting information). The proportion of
pseudo-graphitic domains gradually increases from L1300 to S1300,
demonstrating the variations of microcrystalline structure caused
by the change of precursor components. The carbon microcrys-
talline was also observed by high-resolution transmission electron
microscope (HRTEM) (Figs. 2g-i). All the images display the short-
range ordered structural feature, raising from the oriented align-
ment of carbon layers at high temperature. The interlayer spac-
ing of L1300, LS1300, and S1300 calculated from the corresponding
fast Fourier transform (FFT) patterns is 0.396, 0.389, and 0.381 nm,
respectively, in line with the XRD results.

The electrochemical properties of the HCs were evaluated in
half cells. Fig. 3a and Fig. S5 (Supporting information) show the
cyclic voltammetry (CV) curves. During the first sodiation pro-
cess, two broad peaks appear at 1.0 and 0.4V, corresponding to
the formation of solid electrolyte interphase (SEI) film [27]. In the
following cycles, the CV curves are well overlapped, demonstrat-
ing the reversible and stable transfer of Na* ions. Fig. 3b shows
the galvanostatic charge-discharge (GCD) curves which are com-
posed of slope (>0.1V) and plateau (<0.1V) regions. The reversible
charge (desodiation) capacity and initial Coulombic efficiency (ICE)
of L1300, LS1300, and S1300 are 324.9 mAh/g, 72.3%, 356.9 mAh/g,
75.4%, and 306.8 mAh/g, 82.2%, respectively. It finds that ICE
shows a continuous upward trend from L1300 to S1300 (Fig. 3c).
Combined with the results in Fig. 2¢, it can be presumed that the
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Fig. 3. Electrochemical characterization of the HCs. (a) CV curves conducted at 0.1 mV/s. (b) Initial GCD curves measured at 20 mA/g. (c) The changing trends of ICE and
slope/plateau region capacity calculated based on the second cycle discharge curves. (d) Rate performance at various current densities. (e) EIS measured after 5 GCD cycles.

(f) Cycling capability at 100 mA/g.

SSA of the prepared HCs, rather than the defects, exerts a major in-
fluence on the ICE. The larger SSA, the more SEI side reactions oc-
cur. Moreover, the slope and plateau capacities assigned based on
the second discharge (sodiation) curves were also provided (Fig. 3c
and Fig. S6 in Supporting information). LS1300 shows the highest
slope and the highest plateau capacities, and the sodiation mecha-
nism will be discussed in the later section.

The rate performance test was conducted by applying stepwise
current densities (Fig. 3d). As the current density increases, the re-
versible capacity gradually decays, which is mainly attributed to
the poor kinetics of the low potential region [19]. At the range
of 20—-1000mA/g, LS1300 displays the highest capacity. When re-
turned to low current density, all HC electrodes recover to their
initial capacity, suggesting the stable skeleton of disordered car-
bons. Electrochemical impedance spectra (EIS) were applied to in-
vestigate the charge transfer characteristics (Fig. 3e). The nonsym-
metrical semicircle observed at high-medium frequencies corre-
sponds to the SEI film resistance (R¢) and charge transfer resistance
(Ret), and the sloping line at low frequency is related to the diffu-
sion of Na*t ions in electrode [1]. The equivalent circuit diagram
and the fitting results are shown in Fig. S7 and Table S2 (Support-
ing information). L1300 shows the highest R, which is attributed
to the decomposition of electrolytes on the large surface and open
pores. The changing trend of the R; is proportional to the values
of the specific surface area. Moreover, LS1300 exhibits the lowest
value of R¢+ R¢t, which may be due to the equilibrium of specific
surface area and microcrystalline phase. Long cycling performance
was also evaluated at 100 mA/g (Fig. 3f). After 100 cycles, LS1300
still retains a desodiation capacity of 241.5 mAh/g with a capacity
retention ratio of 93.5%, compared to L1300 (110.3 mAh/g, 95.2%)
and S1300 (146.2 mAh/g, 82.1%).

To explore the sodium storage behavior of the prepared HCs,
CV curves obtained at different scan rates were used to analyze
the reaction kinetics (Fig. 4a and Fig. S8 in Supporting informa-
tion). The surface-controlled and diffusion-controlled processes can
be reflected by a power-law formula of i=av®, where i and v rep-
resent the peak current and the scan rate, respectively. The b value
can be calculated by the slope of log(i)-log(v) plot (Fig. 4b) [28]. As
listed in Table S3 (Supporting information), the b value of peak s
is 0.85, 0.96, and 0.96 for L1300, LS1300, and S1300, respectively,
demonstrating that the storage behavior of Na* ions at high po-
tential region is dominated by adsorption process. However, the

b value of peak p is 0.58, 0.49, and 0.42 for L1300, LS1300, and
S$1300, respectively, suggesting the diffusion-controlled process at
low potential region. Galvanostatic intermittent titration technique
(GITT) was conducted to further explore the kinetic properties (Fig.
S9 in Supporting information). The pulse time was specified as
30min with open circuit intervals of 2h. The apparent diffusion
coefficients of Na™ ions in HC electrodes can be calculated accord-
ing to Fick’s second law with the simplified equation (Fig. S9) [11].
As shown in Fig. 4c, the changing trends of Na* ions diffusion co-
efficients are similar for the three HCs during sodiation process.
When the potential is higher than 0.1V, Na* ions exhibit high dif-
fusion coefficients, which can be attributed to the ions adsorption
at open pores or defect sites. From 0.1V to 0.05V, the diffusion co-
efficients drop sharply and rebound after 0.05V. This phenomenon
has been reported in recent studies, which is usually described as
the intercalation of Na™ ions into the pseudo-graphitic layers and
then filling into the closed pores [13,18,29].

To obtain more information about the storage mechanism, in-
situ Raman was applied during the first CV cycle (Fig. 4d). Due to
similar CV and GITT results for three samples, LS1300 was used
as a model material for in-depth study. During the sodiation pro-
cess at high potential region, the intensity of D band (1340 cm~1)
gradually decreases, and the peak shape becomes broader, suggest-
ing the occupation of Na* ions at defect sites. Moreover, the posi-
tion of G band (1580 cm~!) remains unchanged until around 0.1V,
which indicates that Na* ions are not embedded into the inter-
layer within this potential range [30], in line with the GITT re-
sults. From 0.1V to 0.05V, the G band shifts to lower wavenum-
bers accompanied by a decrease in intensity, which is attributed to
the intercalation of Na* ions in bulk phase. Moreover, the G band
shows no significant shift between 0.05V and 0V. Combined with
the GITT results from plateau region, it can be concluded that Na*
ions intercalate into the pseudo-graphitic structures between 0.1V
and 0.05V. When the intercalation sites reach saturation, the sub-
sequent Na* ions fill into the closed pores after 0.05V. As the des-
odiation process proceeds, the D and G bands gradually return to
their original state.

Based on the above storage mechanism analysis, the plateau re-
gion capacity extracted from the second discharge curves can be
divided into two parts according to the potential range. As shown
in Fig. 4e, the capacity between 0.1V and 0.05V is 95.2, 116.1, and
130.3 mAh/g for L1300, LS1300, and S1300, respectively. The capac-
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Na* ions closed pore filling.

ity below 0.05V is 141.0, 125.6, and 82.2 mAh/g for L1300, LS1300,
and S1300, respectively. It finds that the capacity contributed by
ions intercalation is proportional to the ratio of pseudo-graphitic
domains (Table S1 in Supporting information). However, the ca-
pacity provided by closed pore filling gradually decreases from
L1300 to S1300. It is noted that the closed pore volume of both
LS1300 (0.121 cm3/g) and S1300 (0.093 cm3/g) is higher than that
of L1300 (0.082 cm3/g). Therefore, it is not reasonable to simply
correlate the pore-filling capacity with the closed pore volume.
Cao and coworkers have proposed that the strong defect—Na* ions
interactions could create a repulsive electric field for other ions,
which reduces Na* ions concentration between graphitic layers
and shrinks the intercalation capacity [31]. In this work, the pre-
pared HCs have a large interlayer spacing (>0.38 nm), providing
enough space for ions intercalation. Therefore, the intercalation ca-
pacity is less affected by defects. However, the pore-filling behav-
ior occurs at lower potentials (<0.05V). As demonstrated in Fig. 4f,
from L1300 to S1300, the amount of adsorbed Na*t ions (including
reversible and irreversible adsorption) rise due to the increase in
defect concentration, and the strength of the repulsive electric field
is growing. L1300 has the lowest defect concentration, facilitating
Na* ions to reach closed pores. Although LS1300 and S1300 pos-
sess a higher proportion of pseudo-graphitic domains and closed
pore volume, the increasing repulsive electric field prevents Na*
ions from reaching the closed pores due to the homo-ionic re-
pulsion effect. As a consequence, the pore-filling capacity shows
a downtrend with the increase in defect concentration.

The performance of HC was also evaluated in full cells. LS1300
and NasV,(PO4)3 (NVP) were selected as anode and cathode mate-
rials, respectively (Fig. S10a in Supporting information). After sev-
eral pre-cycles at 20mA/g, the full cell can maintain a capacity of
330 mAh/g (based on anode) with an average working voltage of

3.2V. As the current density increases, the full cell displays good
rate performance, and the voltage plateau remains until 1000 mA/g
(Fig. S10b in Supporting information). Moreover, the full cells also
demonstrate stable charging and discharging process, and a re-
versible capacity of 280 mAh/g can be recorded after 100 cycles at
100 mA/g (Fig. S10c in Supporting information). These results sug-
gest that LS1300 shows promising potential in practical sodium-ion
batteries.

In this contribution, a spray drying strategy was conducted to
reconstruct the precursor with aromatic and polysaccharide com-
ponents. Benefiting from the changes in precursor components,
the HC microstructures including specific surface area, defects con-
centration, interlayer spacing, and closed pore volume were ef-
fectively regulated at 1300°C. The results indicate that aromatic
components tend to develop disordered carbons with fewer de-
fects, larger interlayer spacing, and smaller closed pore volume.
In comparison, polysaccharide components prefer to form disor-
dered carbons with more defects, smaller interlayer spacing, and
larger closed pore volume. Through the correlation analysis of mi-
crostructure features and the sodium storage capacity below 0.1V.
It finds that the intercalation capacity (between 0.1V and 0.05V)
is proportional to the ratio of pseudo-graphitic domains. However,
the pore filling capacity (below 0.05V) gradually decreases with
the increasing defect concentration due to homo-ionic repulsion
effect, without linear correlation with short-range microcrystalline
and closed pore volume, suggesting that the pore filling capacity
cannot be simply related to the closed pore volume. The optimized
sample with suitable interlayer spacing and defect concentration
delivers a high plateau capacity of 241.7 mAh/g. This work provides
new guidance for the structural optimization of high-performance
HCs.
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