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Unclear information on materials design significantly hinders the construction of enhanced hard carbon
anodes with high sodium plateau capacities (SPCs). The pore volume ratio of hard carbon imposes
thermodynamic limitations on the theoretical sodium plateau capacities (T-SPCs); however, relying
solely on its pore structures is not sufficient to predict the practicable SPCs. This study entailed an
investigation of a key kinetic parameter of hard carbons that mainly affects the coefficient of capacity
utilization (CCU) of SPCs by using a series of polymeric hard carbons (PHCs) with different microstructures.
A systematic study revealed a close relationship between the 2D to G band intensity ratio (lxp/lg) in the
Raman spectrum and the internal kinetic barrier for sodium-ion transfer. On the basis of the thermodynamic

Received 20th January 2024, and kinetic parameters, the structural indicator referred to as the SPC factor was devised to characterize the
Accepted 8th March 2024 CCU for SPCs. The SPC factor clearly describes an optimal hard carbon anode as one that possesses a high
DOI: 10.1039/d4ee00315b closed pore volume ratio and low xp/lg value. The highest SPC of ~400 mA h g~! was achieved through

simple microstructural tuning of the PHCs, demonstrating the feasibility of the proposed design guidelines for
rsc.li/ees a high-performance hard carbon anode for sodium-ion batteries.

Broader context

Sodium ion batteries (SIBs) have garnered significant attention as a viable alternative to lithium-ion batteries (LIBs), owing to the availability of abundant
sodium resources and chemistries compatible with well-established LIB technologies. However, poor sodium-ion storage capacities of graphite-like materials,
which have driven the commercialization of LIBs, make their application increasingly challenging. This report for the first time introduces design guidelines
for a high-performance hard carbon anode for SIBs. On the basis of these guidelines, a significantly high reversible sodium plateau capacity of ~400 mAh g *
was achieved, which is the highest value previously reported for hard carbon anodes.

Introduction chemistries compatible with well-established lithium-ion bat-

tery (LIB) technologies.' The SIBs have considerable potential
Sodium-ion batteries (SIBs) represent a next-generation power in the core application fields of the Industry 4.0 such as electric
source based on earth-abundant sodium resources and feasible vehicles, urban air mobility, humanoid robots, and large-scale
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energy storage devices. However, their inferior energy density
has been a significant barrier to penetrating the predominant
LIB markets.*™ In addition, poor sodium-ion storage capacities
of graphite-like materials, which have driven the commercializa-
tion of LIBs, make their application increasingly challenging.®™®
Therefore, potential candidates for a feasible anode material have
been extensively explored in the last decade.” Nevertheless, a
competitive active anode material for SIBs to comprehensively
correspond to the electrochemical performances of lithium-gra-
phite intercalation compounds (Li'-GIC) in LIB systems remains
to be realized.

Disordered graphitic carbons, called hard carbons, have
long been considered a potential anode candidate for SIBs
because of their inexpensive and simple fabrication process
and well-balanced electrochemical characteristics.®® The
sodium-ion storage profiles of hard carbons under galvano-
static conditions reveal a long-range sodium plateau capacity
(SPC) at 0.1 V vs. Na*/Na similar to that of the Li*-GICs."*”"
Despite their similarity, the low-voltage sodium-ion storage
mechanism has been revealed as a nanopore-filling mechanism
through a pseudo-metallic nanoclustering reaction, which is
remarkably distinct from the lithium intercalation reaction
mechanism of the Li*-GICs."®>" Accordingly, the nanoscale
closed pore is considered a key factor impacting the SPCs of
hard carbon anodes.?’”* The close relationship between the
closed pore volume ratio and SPC has been demonstrated for
several different types of hard carbons.'®**> However, owing to the
intricate and entangled microstructures of hard carbons composed
of multitudinous disordered graphitic lattices, a considerable
amount of closed pores remains unavailable even in the fully
sodiated state. This results in an insufficient and broad range of
SPCs of approximately 100-250 mA h g~ *.2** Furthermore, com-
prehension regarding a central parameter to determine feasible
SPCs is lacking. Consequently, information on materials design to
construct enhanced hard carbon anodes in SIBs is scarce.

This study systematically investigated a series of polymeric
hard carbons (PHCs) to identify a key structural parameter
closely related to the SPCs of hard carbon anodes. Several
typical microstructural factors of the PHC series, such as the
d-spacing, planar (L,) and out-of-plane (L.) domain sizes of
graphitic carbon crystallites, pore diameter, pore volume ratio,
and particle density, cannot explain their SPC variation trend,
particularly for hard carbons with large gaps between the SPC
and theoretical SPC (T-SPC). In contrast, the proposed struc-
tural indicator, referred to as the SPC factor, based on the pore
volume ratio and 2D to G band intensity ratio (I,p/Ig) in the
Raman spectrum, shows a linear relationship with the coeffi-
cient of capacity utilization (CCU, SPC/T-SPC). The introduction
of the SPC factor provides specific guidelines for the materials
design to realize high-performance PHC anodes in SIBs. On the
basis of these guidelines, a high-performance hard carbon
anode with the highest reversible SPC of ~400 mA h g ! was
obtained through a controlled chemical activation process.
This result demonstrates the significant potential of PHCs
in SIBs, surpassing the theoretical lithium plateau capacity of
Li"-GICs in LIB systems.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion

For the transmutation of the macromolecular structure of waste
polyethylene terephthalate (PET) precursors, thermal oxidation
was performed at different temperatures - 280, 320, 350, and
380 °C - for 30 min (Supplementary Text 1, Fig. S1-S6 and Table
S1, ESI1).*>>” Thereafter, the PET precursors with the precisely
manipulated molecular structures were subjected to high-
temperature heating at 1200, 1600, 2000, 2400, and 2800 °C,
resulting in the PHC-series samples having different micro-
structures. The fabricated PHC-series samples were named
according to their oxidation-heating temperatures (e.g,
0280 - 1200, 0280-1600, ..., and 0380 - 2800). The crystal-
lographic microstructures of the PHC series were characterized
using X-ray diffraction (XRD), Raman spectroscopy, and high-
resolution transmission electron microscopy (HR-TEM) (Sup-
plementary Text 2, Fig. $7-S12 and Table S2, ESIt).*® In addi-
tion, the pore structures of the PHC series were characterized
via model fitting of the small-angle X-ray scattering (SAXS) data
(Supplementary Text 3-4, Fig. S13-S15 and Table S3, ESI{).>?*!

As shown in Fig. 1(a), (b) and Table S2 (ESIt), the L, and
L. values of the PHC series gradually increased from 1.82 to
53.01 nm and from 0.97 to 33.67 nm, respectively, upon
increasing the heating temperature from 1200 to 2800 °C.
The oxidation temperature also affected the L, and L. values.
Apart from minor exceptions, the L, and L. values of the PHC
series gradually increased from 1.82-4.68 and 0.97-12.06 nm to
2.07-53.01 and 1.07-33.67 nm, respectively, upon increasing
the oxidation temperatures from 280 to 380 °C. In contrast, the
d-spacing values of the graphitic lattices in the PHC series
gradually decreased from 3.99 to 3.37 A with increasing heating
temperature from 1200 to 2800 °C (Fig. 1c and Table S2, ESI¥).*®
These results indicate that the graphitic structures continu-
ously develop into denser structures with increasing heating
temperature, and higher oxidation temperatures contribute to
greater densification. With the development of the ordered
graphitic domains, the average pore diameter of the PHC series
also gradually increased from 3.75 to 55.63 A, depending on the
heating temperatures (Fig. 1d). In contrast to the continuous
shifts of L,, L., d-spacing, and pore diameter in one direction
toward higher values, the particle densities of the PHC series
changed in an inverse parabolic curve shape (Fig. 1le). The
reduction in particle density indicated that more closed pores
were generated in the internal structure of the PHCs with
increasing heating temperature. The variation plots of the
closed pore volume ratios, which were calculated from the
particle densities by using a previously reported method, are
shown in Fig. 1f.>' The pore volume ratios varied from 11%
to 36%; the relatively high-temperature-heated PHC samples
(=2400 °C) generally exhibited higher closed pore volume
ratios of >30.0%.

To elucidate the pore volume ratio-SPC relationship, the
electrochemical sodium-ion storage behaviors of the PHCs were
characterized in a half-cell through galvanostatic process at
25 and 60 °C under a current density of 25 mA g~ " over a voltage
window of 0-2.0 V vs. Na‘/Na. The characterized galvanostatic
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Fig. 1 Materials properties of the PHC series and their interconnection with SPCs and CCU values. (a) L,, (b) L., (c) d-spacing, (d) average pore diameter,
(e) particle density, and (f) pore volume ratio of the pre-treatment oxidation temperature-based PHC series, and their (g) SPC and (h) CCU bar graphs

characterized at different operating temperatures of 25 and 60 °C.

voltage profiles show the signature curve shape of hard carbon
corresponding to sloping voltage capacity followed by a long-
range SPC (Fig. S16 and S17, ESIt). The SPCs are depicted as
bar graphs with the T-SPCs calculated based on the particle
densities by using a previously reported method (Fig. 1g).>"
In the relatively low temperature-heated PHC samples of
<2000 °C, the capacity gap between SPC and T-SPC is relatively
smaller, indicating high CCU values of 56.53-87.25% and
78.81-98.16% at the 25 and 60 °C cell tests, respectively
(Fig. 1g and h and Table S4, ESI{). These results indicate that
most of the closed pore volumes are available in the relatively low
temperature-heated samples (<2000 °C). In contrast, the higher
temperature-heated PHCs of >2400 °C exhibit much lower CCU
values of 30.43-54.23% and 43.10-67.96% at both 25 and 60 °C,
respectively. Accordingly, they showed lower SPC capacities than
those of the low-temperature-heated samples despite their higher
closed pore volume ratios. To examine the origin of this discor-
dance, the interrelation between several structural parameters
and SPCs is depicted in Fig. S18 (ESIt). However, none of the
conventional structural parameters of hard carbon have a direct
relationship with the SPC variation trend.

In contrast, note the 2D to G band intensity ratio (I,p/Ig)
in the Raman spectra normalized as the G band (Fig. 2a-d).

2858 | Energy Environ. Sci., 2024, 17, 2856-2863

The G band (~1580 cm™ ') was induced by the primary Raman-
active mode for highly ordered polyhexagonal domains,
whereas the 2D band (~2690 cm ') originates from second-
order Raman scattering by in-plane transverse phonons near
the boundary of the Brillouin zone.**™** The 2D band is highly
sensitive to the local ordering of the graphitic structure and the
number of graphene layers. Therefore, the I,p/Is value can
indicate the degree of densified graphitic structures, which
can hinder sodium-ion transfer inside hard carbon. Electro-
chemical impedance spectroscopy (EIS) profiles exhibit the
close relationship between I,p/Ig values and charge-transfer
resistance (R.) values (Fig. 2e-h and Fig. S19, ESI{). With
increasing I,p/I; values, the R values systematically increased
in all series of samples. An increase in the R.; value denotes an
augmented resistance to sodium-ion storage mechanisms.
With the further development of the graphitic structure, it
imposes increased resistance to the penetration of sodium ions
into the depths of the hard carbon, culminating in a diminu-
tion of the low-voltage plateau capacity. Hence, the lower-
temperature-heated PHCs with lower I,p/I; values were slightly
kinetically interrupted during the sodiation process, showing
higher CCU values. In contrast, the densely packed graphitic
structures of the higher-temperature-heated PHC samples

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Introduction of the SPC factor composed of the /,p//g ratio in Raman spectrum and pore volume ratio as a key parameter to determine the CCU
value. Raman spectra of (a) ©280, (b) O320, (c) O350, and (d) O380 series samples. Comparison for the />p/lg ratio and R value of (e) 0280, (f) 0320, (g)
0350, and (h) O380 series samples. The SPC factor vs. CCU value plots of all the PHC series at different operating temperatures of (i) 25 and (j) 60 °C and
those of the high-temperature (>2000 °C)-heated PHC series at different operating temperatures of (k) 25 and (1) 60 °C.

impeded the full utilization of their theoretical pore-filling
capacities, leading to extremely low CCU and poor SPC values.
On the basis of the experimental results, a simple equation was
designed to better understand the interrelation between the
CCU, pore volume ratio, and I,p/I; value, as shown in eqn (1)
and (2).

SPC

= . _Dhp
W(CCU) = a<1 pore volume ratio x I_> +b (1)

G

SPC factor = (1 — pore volume ratio x 112—;)) (2)
where a and b are the coefficients of SPC and CCU, respectively.
a and b can be affected by the operating temperature, precursor
material, fabrication process, and other factors. The SPC factor
is composed of the pore volume ratio and I,p/Ig value, which
indicates a feasible pore volume ratio of hard carbon under a
given kinetic condition (Table S4, ESIf). Therefore, the SPC
factor is a key structural indicator of the CCU values. The SPC
factor versus CCU plots of the PHC-series samples show a linear
relationship (Fig. 2i-1). The plots reveal the higher coefficient of
determination (R*) values of 0.90 and 0.86 for the half-cell tests
at 25 and 60 °C, respectively, in all the series samples (Fig. 2i
and j). In the higher temperature-treated PHCs (>2000 °C), the
R values further increased by 0.91 and 0.94 for the half-cell
tests at 25 and 60 °C, respectively (Fig. 2k and 1). In addition, a
similar linear relationship was demonstrated for different types
of hard carbon samples prepared using different precursor
materials (Fig. S20, ESIt). These results suggest the need to

This journal is © The Royal Society of Chemistry 2024

design a high-performance hard carbon anode for SIBs by
increasing the pore volume ratio and lowering the I,p/I value.

To demonstrate the validity of the microstructural guide-
lines for hard carbon anodes, controlled chemical activation
using potassium hydroxide was conducted to increase the
closed pore volume ratio and simultaneously decrease the local
graphitic ordering. The effects of chemical activation on the
closed pore volume ratios and graphitic microstructures are
discussed in the Supplementary Text 5, ESL{*>*® The micro-
structural tuning with chemical activation was experimentally
confirmed using the 0280-2400 sample as a platform material,
which had the highest pore volume and lowest CCU (<0.50)
among all the tested samples. Controlled chemical activation
was conducted with KOH to 0280-2400 weight ratios of 10, 30,
and 50 wt%. The activated 0280-2400 samples are denoted as
A10, A30, and A50. The material properties of A10, A30, and A50
are summarized in the Supplementary Text 6, Fig. S21-S28,
Tables S5 and S6 (ESIf).

The galvanostatic discharge/charge profiles of 0280-2400,
A10, A30, and A50 revealed that the SPCs of the PHCs can be
tuned using a controlled activation process (Fig. 3a). The
reversible SPC (200 mA h g™ ') of the 0280-2400 was increased
by approximately 330, 400, and 290 mA h g™ for A10, A30, and
A50, respectively (Fig. 3b). The improvement in the SPCs was
due to an increase in the SPC factors. The I,p/I; value (0.73) of
the 0280-2400 gradually decreased to 0.48, 0.45, and 0.54,
whereas the pore volume ratio (36%) gradually increased
to 38%, 41%, and 43% for A10, A30, and A50, respectively
(Fig. 3c and Table S7, ESIT). Accordingly, the SPC factor (0.73) of

Energy Environ. Sci., 2024,17, 2856-2863 | 2859


https://doi.org/10.1039/d4ee00315b

Published on 26 March 2024. Downloaded by Korea University on 4/30/2024 1:11:43 AM.

View Article Online

Energy & Environmental Science Paper
a b 600 C 1,0/l Ratio Pore volume ratio 100
SPC
2 A50 1.0
T-SPC . 3
__ 500 80 <
1 - 0.8 o
© 400 o ®
= 3 60 =
< X [
£ 300 B oe £
0 = Y w0 3
T [=}
2 A30 Q 200 = 04 S
(7] o
100 0.2 2 0
T 1
z
£ 0 0.0 0
3 0280-2400 A10 A30 A50 0280-2400  A10 A30 AS50
g 0 Sample name Sample name
z 2 © A0
& d SPC factor | Ry 00 © m 0280 @ 0320 A 0350 x 0380
3 A10 > A30 o AS50 B
s 1.0 100 ..\
400
0.8 80 20 "
S =~ = 4
o B 30 £ R & A&
2 02802400 & 08 5 3% 2
g 200 5 Q . "
& 04 o O 40
1
] 100 2000 °C
02 @ 2400 'C
0 i 0.0 0 0
0 100 200 300 400 500 0280-2400  A10 A30 A50 07 0.8 0.9 1.0
Specific capacity (mAh g-') Sample name SPC factor

Fig. 3 Demonstration of the close relationship between SPC factor and CCU in the microstructure-tuned PHC samples; O280-2400, A10, A30,
and A50, obtained at an operating temperature of 60 °C. (a) Galvanostatic discharge/charge profiles. Comparison bar graphs for (b) SPC and T-SPC,
(c) Izp/lg value and pore volume ratio, and (d) SPC factor and R;. (e) SPC factor vs. CCU value plots.

the 0280-2400 increased by 0.82, 0.82, and 0.77, and its R
value (325 Q) significantly reduced by 126, 111, and 152 Q for
A10, A30, and A50, respectively (Fig. 3d and Fig. S28 and
Table S7, ESIt). In addition, the T-SPC of the activated PHCs
gradually increased from 443 to 501 mA h g~ ' owing to their
increasing pore volume ratios, resulting in a large increase in
the SPCs (Fig. 3b and c). The SPC factor vs. CCU plots of the
microstructure-tuned PHC samples reveal a linear relationship
with high R* values of 0.92 (Fig. 3e). These results evidently
indicate the effectiveness of the SPC-CCU relationship
equation based on the structural parameter I,p/Ig (eqn (1)).
To elucidate that the increased SPCs originated from the
pore-filling mechanism, and not the sodium intercalation
behavior between the expanded graphitic lattices that were
chemically activated, in situ XRD and Raman spectral charac-
terization studies were conducted for the high-performance
A30 sample (Fig. 4a and b). In the in situ XRD patterns for 1st
cycle, the graphite (002) peak was observed at 25.9°, which did
not change during the overall discharge/charge process, indi-
cating that a slight sodium intercalation reaction occurred
(Fig. 4a). In addition, the in situ Raman spectra showed no
distinctive changes in the signature D, G, and 2D bands during
the discharge/charge cycle, indicating that the sodiation pro-
cess did not accompany structural transition, even in the local
areas (Fig. 4b). These results agree with the previously reported
pore-filling mechanism for hard carbon anodes.'®>® Further-
more, a galvanostatic sequential sodiation-lithiation test was
conducted via full sodiation in sodium half-cells, followed by
full lithiation of the fully sodiated samples in lithium half-cells
(Fig. 4c and d). In the fully sodiated states after sodiation by
~0.32 V vs. Li*/Li, additional lithium intercalation reactions
occurred in both the 0280-2400 and A30 samples, and most
of the lithiation capacities were reversibly extracted during
delithiation. The reversible lithium intercalation capacities

2860 | Energy Environ. Sci., 2024,17, 2856-2863

are similar to their original lithium intercalation capacities
although the additional lithiation was conducted only in a
narrow voltage window of approximately 0.32 V (Fig. S29, ESIf).
In addition, the reversible lithiation behaviors were well-
maintained during 10 cycles (Fig. S30, ESIt). Following the
desodiation process, the remaining sodium was reversibly
extracted from the 0280-2400 and A30. These results prove
that the graphitic lattices were nearly empty, even after full
sodiation; therefore, the increased SPC was due to the increased
pore-filling capacity. In addition, the sodiation process is accom-
panied by relatively low volume expansion of <4% compared
with that (~7%) of the sequential lithiation process, despite its
higher SPC (Fig. 4e). The lower volume expansion is evidence for
the poor two-phase sodium intercalation reaction, and at the
same time, it reveals a high potential of the hard carbon anode
for SIBs.

Additionally, the comparative advantage of hard carbon
anodes and the importance of their microstructural design
for application in SIBs are displayed in the comparison plots.
These plots show the specific capacities and average voltages of
previously reported carbon-based anode materials (Fig. 4f).
Several nanocarbons based on surface and/or bulk chemisorption
mechanisms show reversible capacities of 120-380 mA h g~ * and
high voltage of 1.0-1.6 V.>*7" In the case of hard carbons, higher
reversible capacities of 220-480 mA h g~ ' and lower average
voltage ranges of 0.2-0.6 V were achieved.'> 7920227344752 The
PHC-series samples in this study also showed reversible capacities
and voltages similar to those of previously reported hard carbon
materials. However, the microstructure-tuned A30 exhibited the
highest SPC and overall capacity of ~400 and ~507 mA h g%,
respectively, among all the reported hard carbons, including the
PHC series. In addition, the A30 showed great rate-cycling perfor-
mance and reversibility (Fig. S31, ESIT). The reversibility of the
nanopore-filling sodiation behaviors was proved by ex situ analysis

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Confirmation results of a pore-filling sodiation mechanism on A30, and comparing data of SPCs. (a) In situ XRD patterns and (b) in situ Raman
spectra of A30 characterized during the initial discharge/charge cycle. Sequential sodiation-lithiation/extraction profiles of (c) 280-2400 and (d) A30,
and (e) operando volume expansion data characterized during the sodiation and lithiation process. (f) Comparison plots of reversible capacity with those

of the previously reported carbon-based anode materials.

(Supplementary Text 7 and Fig. S32, ESIt). Considering the T-SPCs
and their CCU values of the different PHC samples, further
improved reversible capacities and comprehensively well-
balanced electrochemical performances can be achieved by more
meticulous materials design according to the guidelines based on
the structural indicator SPC factor.

Conclusions

In summary, the close relationship between 2D the G band
intensity ratio (Ip/I) in the Raman spectrum and the internal
kinetic barrier for sodium-ion transfer was elucidated. In addi-
tion, a structural indicator, SPC factor, composed of the Lp/Ig
value and the closed pore volume ratio, was developed to
predict the CCU values of the SPCs. The linear relationship
between the SPC factor and CCU was demonstrated using
multiple series of PHCs with different graphitic microstruc-
tures and closed pore volume ratios. According to the design
guidelines based on the SPC factor, the microstructures of the
PHC, which have a poor CCU value, were tuned using a

This journal is © The Royal Society of Chemistry 2024

controlled chemical activation method to increase the closed
pore volume ratio and concurrently lower the Ip/I; value. The
microstructure-tuned PHC exhibited a significantly high rever-
sible SPC of ~400 mA h ¢~ * and an overall reversible capacity
of 507 mA h g~*, which is the highest value previously reported
for hard carbon anodes.
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