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1. Introduction

Intercalation-based host materials that can 
store lithium ions in their crystallographic 
lattices have led to the commercial suc-
cess of rechargeable lithium-ion batteries 
(LIBs).[1,2] The robust host structures pro-
vide them with high reversibilities and 
cycling stabilities, enabling omnidirec-
tional market-share expansion and begin-
ning a new industrial era.[1–3] Over the last 
decades, studies have been extensively car-
ried out to optimize and discover advanced 
active materials with relatively high elec-
trochemical performances.[4–6] Accord-
ingly, active cathode materials have been 
significantly modified from the initial 
LiCoO2 system to more advanced ternary 
mixture systems of transition metals (e.g., 
Co, Ni, and Mn), resulting in a substan-
tial increase in reversible capacities and 
redox potentials.[4] By contrast, the original 
graphite-based intercalation compound 
anodes have maintained their dominance, 
which is mostly due to the absence of 

The galvanostatic lithiation/sodiation voltage profiles of hard carbon anodes 
are simple, with a sloping drop followed by a plateau. However, a precise 
understanding of the corresponding redox sites and storage mechanisms is 
still elusive, which hinders further development in commercial applications. 
Here, a comprehensive comparison of the lithium- and sodium-ion storage 
behaviors of hard carbon is conducted, yielding the following key findings:  
1) the sloping voltage section is presented by the lithium-ion intercalation 
in the graphitic lattices of hard carbons, whereas it mainly arises from the 
chemisorption of sodium ions on their inner surfaces constituting closed 
pores, even if the graphitic lattices are unoccupied; 2) the redox sites for 
the plateau capacities are the same as those for the closed pores regardless 
of the alkali ions; 3) the sodiation plateau capacities are mostly determined 
by the volume of the available closed pore, whereas the lithiation plateau 
capacities are primarily affected by the intercalation propensity; and 4) the 
intercalation preference and the plateau capacity have an inverse correlation. 
These findings from extensive characterizations and theoretical investiga-
tions provide a relatively clear elucidation of the electrochemical footprint of 
hard carbon anodes in relation to the redox mechanisms and storage sites for 
lithium and sodium ions, thereby providing a more rational design strategy 
for constructing better hard carbon anodes.
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competitive anode materials with feasible chemistry and mass 
scalability.[1] Although alternative anodes, such as high-capacity 
silicon, have brought about significant attention for the next-
generation chemistry, their large volume expansion and unan-
ticipated side reactions induced by the interfacial instability 
make their widespread adoption in commercial rechargeable 
batteries a daunting task.[7,8]

Hard carbon is a disordered graphitic carbon material with 
irregular polycrystalline microstructures bearing numerous 
topological defects, prismatic surfaces, and closed pores.[9] 
Owing to its complex nature, it generally exhibits highly com-
plicated lithium-ion storage behaviors, distinct from the simple 
intercalation reaction in graphite.[10,11] Accordingly, its lithia-
tion mechanisms and the corresponding redox sites have been 
relatively poorly understood despite its industrial importance. 
The undetermined lithium-ion storage properties hinder the 
advancement of hard carbon anodes in electrochemical perfor-
mance, causing them to fall behind graphite in the LIB market. 
On the other hand, hard carbon anodes in sodium-ion bat-
teries (SIBs) have been widely studied because of their higher 
sodium-ion storage capacities than that of graphite-like mate-
rials.[12–21] Sodium ions can be inserted inside the structure of 
hard carbons through various redox mechanisms, which are 
presented by their galvanostatic sodiation/desodiation pro-
files.[11–21] Prior studies have focused on identifying the respec-
tive sodiation mechanisms in distinctive voltage regions in 
the form of a sloping or plateau section.[12–18] Nonetheless, the 
specific redox sites are the subject of intense debate. Moreover, 
the large variations in the reversible capacities of hard carbon 
materials from different synthetic routes confound our efforts 
to elucidate the sodium-ion storage mechanism in hard carbon 
anodes and their intrinsic redox potentials.

Herein, a systematic investigation is conducted on the redox 
mechanisms of various hard carbons bearing distinct local 
microstructures with respect to the lithium- and sodium-ion 
storage sites and their corresponding lithiation and sodiation 
voltage profiles. The extensive analysis of material properties, 
electrochemical characterizations using galvanostatic methods, 
and sequential electrochemical tests using both lithium- and 
sodium-ion charge carriers are performed on microstructure-
tuned hard carbon series samples. Further, first-principle calcu-
lations are employed to clarify the complex experimental results 

and their interrelationships. The results of this comprehensive 
study demonstrate the high potential of hard carbon anodes for 
use in SIBs and LIBs and provide guidelines for constructing 
better hard carbon anodes.

2. Results and Discussion

Hard carbons with different graphitic microstructures were pre-
pared via the thermal annealing of commercial hard carbon at 
temperatures of 1200, 1600, 2000, 2400, and 2800 °C, designated 
as HC1200, HC1600, HC2000, HC2400, and HC2800, respec-
tively. As the annealing temperatures were increased, the pri-
mary graphitic structures of the hard carbon samples developed 
into relatively dense structures composed of relatively large gra-
phenic domain sizes (La, 1.6–4.6  nm) and relatively thick gra-
phitic layers (Lc, 1.2–29.8 nm).[22–25] Additionally, the secondary 
microstructures comprising primary graphitic domains con-
tained numerous closed pores with a relatively high annealing 
temperature, whose radii gradually increased ranging from 
0.96 to 2.49 and 0.83 to 2.75  nm in small-angle X-ray scat-
tering (SAXS) and small-angle neutron scattering analyses, 
respectively.[26,27] Despite the transitions in the primary and 
secondary microstructures, their contour morphologies mini-
mally changed during annealing up to 2800  °C (Texts S1–S3,  
Figures S1–S11, and Tables S1–S4, Supporting Information). 
Schematic diagrams (Figure 1a) depict the microstructural evo-
lution of the graphitic structures for each hard carbon prepared 
at different annealing temperatures.

In the following text, we first clarify the terminologies for the 
redox reaction mechanisms in hard carbon (Figure S12, Sup-
porting Information), which are often ambiguously used in 
previous studies.[10–21] Surface chemisorption is defined as the 
direct reduction of alkali ions on an electrochemically active 
surface, including open pores near the outermost part of the 
particles. “Bulk insertion” refers to the process of storing alkali 
ions within bulk particles, which can be categorized into three 
distinct storage mechanisms: 1) “bulk chemisorption” on the 
defective surface of the inner graphitic domains, 2) “interca-
lation” in the graphitic interlayers, and 3) “nanoclustering” in 
the inner closed pore volume. The three insertion mechanisms 
depend on the interlayer distance and the presence of defect 
sites in the primary graphitic domains within the secondary 
microstructure containing closed pores, for which the quantita-
tive criteria will be discussed later.

The electrochemical lithium-ion and sodium-ion storage 
behaviors of a series of hard carbon samples were characterized 
at both 25 and 60  °C. In the room-temperature galvanostatic 
discharge/charge (RT-GDC) in lithium cells (Figure 1b), all sam-
ples exhibited sloping voltage profiles between 1.2 and 0.01  V 
vs Li+/Li. The capacity gradually decreased as the annealing 
temperature increased from 1200 to 2400  °C, whereas it mar-
ginally increased at 2800 °C. Notably, the HC1200 and HC1600 
electrodes displayed low-voltage plateau capacities at ≈0  V. As 
voltage overshooting induced by lithium-metal nucleation reac-
tions typically occurs at lower voltages than the applied cutoff 
voltage of −0.01  V, the plateau capacities are distinct from 
lithium-metal plating capacities (inset of Figure  1b).[28] The 
high-temperature galvanostatic discharge/charge (HT-GDC) at 
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60 °C exhibited overall relatively high reversible capacities, with 
the plateau capacities of HC1200 and HC1600 being signifi-
cantly high, whereas HC2000, HC2400, and HC2800 continue 
to lack plateau capacities (Figure 1b). This result suggests that 
the lack of plateau capacities in HC2000, HC2400, and HC2800 
was likely due to the intrinsic redox inactiveness at the voltage 
rather than kinetic factors.

In contrast to the lithium-ion storage behavior, all RT-GDC 
and HT-GDC profiles in the sodium cells exhibited long-
range plateau capacities at a similar voltage of ≈0 V vs Na+/Na  
(Figure  1c). The low-voltage plateaus occurred at the same 

voltage for all the samples, regardless of the distinct graphitic 
microstructures with varying annealing temperatures, as indi-
cated by the dV/dQ curves (Figure S13, Supporting Informa-
tion). Considering the significant difference in the primary 
graphitic structures among the samples, it may be inferred 
that the low-voltage plateau was not likely due to the interca-
lation of sodium ions into the graphitic region. Compared 
with the electrochemical activities in the lithium cells, the 
RT-GDC and HT-GDC profiles in the sodium cells exhib-
ited sloping capacities in the same voltage range as those in 
lithium cells; however, they were consistently smaller than the 

Adv. Mater. 2023, 35, 2209128

Figure 1.  Microstructural transition of hard carbon series samples with annealing temperatures and their lithium- and sodium-ion storage behaviors. 
a) Schematic images for the different microstructures; b) galvanostatic lithiation and delithiation profiles over a voltage window of −0.01 to 3.0 V vs 
Li+/Li at a current density of 20 mA g−1 at 25 (green) and 60 °C (purple); c) galvanostatic sodiation and desodiation profiles over a voltage window of 
−0.01 to 2.7 V vs Na+/Na at a current density of 20 mA g−1 at 25 (blue) and 60 °C (pink); and d) capacity bar graphs for the lithium/sodium sloping 
and plateau capacities at the different operating temperatures of 25 and 60 °C.
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corresponding lithium-ion sloping capacities. Moreover, the 
maximum sodium-ion plateau capacity was observed with the 
HC2000 electrode, whereas it displayed a nearly negligible pla-
teau capacity in the lithium cells. These experimental findings 
strongly suggest that the sodium-ion storage behavior in hard 
carbons fundamentally differs from the lithium-ion storage 
behavior, particularly for samples prepared at relatively high 
annealing temperatures of ≥2000 °C.

The reversible lithium-ion storage capacities of HC2000, 
HC2400, and HC2800 were in the range 166–195 and  
218–241 mA h g−1 in the RT-GDC and HT-GDC profiles, respec-
tively, and were primarily induced by the sloping voltage region 
(Figure  1d). In the RT-GDC/HT-GDC profiles of the lithium 
cells, HC1200 and HC1600 had greater sloping capacities 
of 233/287 and 177/271  mA h g−1, respectively. Despite this, 
the presence of plateau capacities corresponding to 268 and  
176 mA h g−1 nearly doubled their overall reversible capacities 
relative to those of the other samples. By contrast, all the sam-
ples in the sodium cells exhibited long-range sodiation plateau 
capacities corresponding to 176–303 mA h g−1. Further, the max-
imum plateau capacity exceeded the overall lithium-ion storage 
capacities of the high-temperature annealed samples, such as 
HC2000, HC2400, and HC2800, as well as the highest revers-
ible lithium-ion sloping capacity (≈287 mA h g−1) for HC1200 in 
the HT-GDC profiles. These findings raise questions regarding 
the precise lithium- and sodium-ion storage mechanisms at the 
sloping and plateau voltage sections.

To clarify the lithium- and sodium-ion storage sites in 
hard carbon, a sequential electrochemical analysis employing 
sodium-ion and lithium-ion charge carriers was conducted 
for the HC1200 anode, which has long-range low-voltage pla-
teau capacities in both lithium and sodium systems (Figure 2).  
Figure 2a demonstrates that in the first sodiation process with 
a cutoff voltage of −0.01  V vs Na+/Na (0.32  V vs Li+/Li), the 
signature sodium-ion storage profile has both sloping (step I)  
and plateau (step II) capacities of ≈275  mA h g−1. We reas-
sembled the lithium half-cell after removing the fully sodiated 
anode from the sodium half-cell, in preparation for the lithi-
ation procedure. Notably, in the subsequent lithiation proce-
dure (step III), an additional sloping capacity of ≈250 mA h g−1  
was delivered. The sloping capacity observed in the narrow 
voltage window between 0.32 and −0.01  V vs Li+/Li was com-
parable to that observed in the original lithiation profile (Fig-
ures  1b and  2a). Additionally, ≈70% of the lithiated capacity 
was reversibly extracted from the narrow operating voltage 
window (step IV), which was followed by a plateau (step V) 
and sloping capacity (step VI) regions corresponding to steps 
II and I in the delithiation/desodiation process. These find-
ings suggest that a significant portion of the active sites for 
the lithium sloping capacity was nearly empty even after the 
initial full sodiation process. Additionally, the in situ electro-
chemical impedance spectroscopy (EIS) profiles for steps I 
and III exhibited charge-transfer resistance (Rct) values that 
were comparable to their intrinsic Rct values observed in the 
respective sodium and lithium half-cell tests (Figures S14–S16, 
Supporting Information). This indicated that the lithiation pro-
cess was not impeded by the sodium ions filling the inside of 
the hard carbon. Moreover, the same experiments employing 
the HC2000 and HC2800 anodes reproduced similar results, 
confirming that lithium and sodium ions had different redox 

Adv. Mater. 2023, 35, 2209128

Figure 2.  Sequential electrochemical tests using both lithium- and 
sodium-ion charge carriers for the hard carbon anode, HC1200. a) Galva-
nostatic profiles for the first sodiation by −0.01 V vs Na+/Na, followed by 
lithiation/delithiation in the operating voltage window between 0.32 and 
−0.01 V for lithiation and between −0.01 and 3 V for delithiation vs Li+/Li at 
a current density of 20 mA g−1; b) galvanostatic lithiation/delithiation pro-
files in the operating voltage window of −0.01 to 3.0 V vs Li+/Li at a current 
density of 20 mA g−1; and c) galvanostatic profiles for the first sodiation 
by 0.01 V vs Na+/Na, followed by lithiation/delithiation in the operating 
voltage window between 0.30 and −0.01 V for lithiation and between −0.01 
and 3 V for delithiation vs Li+/Li at a current density of 20 mA g−1.
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sites in the sloping voltage section (Figure S17, Supporting 
Information).

As shown in Figure  2b, lithiation/delithiation tests were 
subsequently carried out for the HC1200 cell that was used for 
the sequential test. In this subsequent full lithiation process, 
the original lithium storage capacity was recovered, including 
the plateau capacity at ≈0  V (step VII), which was absent in 
the fully sodiated state (step III, Figure 2a). This result for the 
second consecutive cycle indicated that the active sites for the 
lithium- and sodium-plateau capacities were likely to overlap, 
thereby becoming available for the lithiation only after the deso-
diation. This speculation was verified by a series of sodiation 
and lithiation experiments. As shown in Figure 2c, the HC1200 
anode was retrieved from the lithium cell after the experiment 
shown in Figure  2b and alternatively reassembled in sodium 
and lithium half-cells. Initially, the HC1200 anode was sodi-
ated down to ≈0.01 V vs Na+/Na, which showed a characteristic 
sloping discharge capacity (step VIII). Further, it was dissem-
bled again and reassembled in a lithium cell for the complete 
lithiation (step IX). In this additional lithiation process of step 
IX, we observed sloping and plateau capacities that were nearly 
identical to the initial lithiation profile shown in Figure  1b, 
which were reversibly delithiated/desodiated from the HC1200 
anode (step X). This series of cyclic experiments demonstrated 
that the sodiation process filled by the sloping voltage section 
did not impede the subsequent lithiation behavior, suggesting 
that the major storage sites of the sodium and lithium sloping 
voltage capacities were distinct from one another. However, 
their plateau capacities were attributed to the ion storage at 
the same sites. Ex situ field-emission transmission microscopy  
(FE-TEM) images characterized after full lithiation and sodia-
tion in HC1200 reveal the presence of lithium and sodium 
metal nanoclusters, supporting that the closed pores are the 
same storage sites for the lithium and sodium plateau capaci-
ties (Figure S18, Supporting Information).

We attempted to elucidate the experimental lithium/sodium-
ion storage behaviors from first-principle calculations. Various 
types of perfect and imperfect basal or edge sites were consid-
ered for the lithiation/sodiation, and the potentials were cal-
culated for surface chemisorption (Figure 3a,b and Figure S19 
(Supporting Information)). The perfect graphitic basal plane 
and fully hydrogenated zigzag/armchair edge sites had large 
negative reduction voltages, preventing surface chemisorp-
tion within the experimental voltage range. By contrast, several 
structural defects increased the lithium/sodium-ion affinity, 
enabling them to function as viable redox sites for both ions in 
the sloping voltage ranges. This was because the increased elec-
tron affinity of the defective sites induced a strong electrostatic 
interaction between the surface and ions.[29] Additionally, the 
relative surface-chemisorption voltage ranges of the lithium/
sodium ions were comparable, indicating that their surface-
chemisorption behaviors were inherently similar.

The surface-chemisorbed lithium/sodium ions could diffuse 
into the inner region of the hard carbon particles owing to the 
local potential and concentration gradient (bulk insertion). In 
the complex internal secondary microstructure composed of the 
disordered arrangement of the primary graphitic domains with 
different sizes, defects, and interlayer distances, depending on 
the annealing temperature, the inserted ions could be either 

chemisorbed on the inner closed pore surfaces (bulk chem-
isorption) or inserted inside the graphitic domains (intercala-
tion). The bulk chemisorption was analogous to the surface 
chemisorption, in that the inserted ion mainly interacted with 
the surface in an internal pore larger than the critical size. By 
contrast, the intercalation process can be defined such that the 
inserted ion is stored by interaction with bilateral surfaces, 
either in a graphitic lattice domain or in a very small closed 
pore with a diameter smaller than the critical diameter. To 
quantitatively determine the criteria of the critical interlayer dis-
tance for bulk chemisorption and intercalation, the stabilization 
trends of each ion were calculated in the various stacking com-
bination models with an interlayer distance range of 3.6–20 Å  
for the surface chemisorption (Figure  3c,d). When the inter-
layer distance was as large as 20 Å, the obtained voltage values 
were comparable to those of the surface chemisorption, and the 
majority of defects and surrounding sites could serve as redox 
sites within 0.75  V vs M+/M. Conversely, the perfect graphite 
structure did not serve the same. With decreasing interlayer 
distance, the interaction between the ions and opposing sur-
faces gradually increased, and the maximum voltage value was 
determined to be ≈4 Å for lithium and 5 Å for sodium. Based 
on these theoretical considerations, bulk-chemisorption sites 
are regions with relatively large interlayer distances (⪆6.0 Å 
for lithium and >8.0 Å for sodium) that exhibit similar redox 
potentials to surface chemisorption. Further, the increased 
voltage ranges with the interlayer distances of 3.6–6.0 Å for 
lithium and 4.0–8.0 Å for sodium were categorized as the inter-
calation region.

Notably, a significant difference in the lithium/sodium-ion 
storage behaviors occurred in the graphitic interlayer distances 
at ≈3.6–4.0 Å. In the graphitic lattice domains (d-spacings 
of ≤3.78 Å) of the hard carbon samples, the sloping voltage 
region was dominated by the lithium-ion intercalation process. 
By contrast, the same interlayer distances were too small for 
sodium-ion intercalation; consequently, bulk chemisorption 
predominantly occurred during the sodiation process, even 
if the graphitic lattices were unoccupied. Partial sodium-ion 
intercalation could occur owing to the large d-spacing variation, 
particularly in samples with low annealing temperatures. How-
ever, the intercalated phase was present only in the near-edge 
region and could not propagate into the inner lattice region 
owing to the intrinsically high diffusion barrier of the sodium 
ions (Figure S20, Supporting Information). Consequently, the 
sodium-ion intercalation capacities of all the samples from the 
hard carbon series were relatively low in the sloping-capacity 
section. This theoretical interpretation explains several experi-
mental results in the sloping voltage section, including the sig-
nificant decrease in sodiation sloping capacities with increasing 
annealing temperature, the overall increase in lithiation capaci-
ties, particularly on HC2800, and the occurrence of undisturbed 
lithium-ion sloping capacities in the fully sodiated states. 
The antithetic lithium-ion and sodium-ion storage behaviors 
were confirmed through ex situ optical image observation for 
fully lithiated and sodiated hard carbon series (Figure S21,  
Supporting Information). Stage I intercalation compounds are 
known to have a golden color, whereas the stage II, III, and IV 
intercalation compounds exhibit a blue color.[30–32] The fully 
lithiated hard carbon electrodes reveal that the black-colored 

Adv. Mater. 2023, 35, 2209128
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pristine electrode transforms into dark blue colors for HC1200, 
HC1600, HC2000, and HC2400, and dark yellow color for 
HC2800 (Figure S21a–e, Supporting Information). The color 
change indicates that lithium-ion intercalation reaction hap-
pens in all the samples, where lithium intercalation compounds 

of stage II, III, and IV were formed for HC1200, HC1600, 
HC2000, and HC2400, whereas a stage I intercalation com-
pound is mainly formed for HC2800. By contrast, all the sodi-
ated hard carbon samples show no color change (Figure S21f–j,  
Supporting Information). The pristine black color was 

Adv. Mater. 2023, 35, 2209128

Figure 3.  First-principle calculations and schematic illustrations for the lithium/sodium-ion storage behaviors of the hard carbon series samples with 
different microstructures. a,b) Calculated surface-chemisorption voltages of lithium and sodium ions on different types of defective sites on basal and 
edge structures; defective structures included carbon monovacancy (V1) and divacancy (V2-585 and V2-555777) on graphene basal planes, as well as 
hydrogen monovacancies on zigzag (Z-H-vac.) and armchair (A-H-vac.) graphene edges; c,d) stabilization trends of lithium and sodium ions within var-
ious stacking combinations of defective graphene basal planes over the interlayer distance range of 3.6–20 Å; e) changes in the surface-chemisorption  
voltage of lithium ion, depending on the sublayer intercalation ratio; f) schematics of the lithium and sodium storage mechanism based on the micro-
structural changes of the hard carbons by thermal annealing: 1) bulk chemisorption, 2) intercalation, and 3) nanoclustering.
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maintained after full sodiation. The unfavorable sodium-ion 
intercalation behavior was also confirmed by in situ X-ray dif-
fraction (XRD) data of HC1200 obtained during sodiation/deso-
diation cycling (Figure S22, Supporting Information). In the in 
situ XRD data, the graphite (002) peak shift was not observed, 
and almost same peak intensities were found in the same 2θ 
region during sodiation/desodiation process, supporting the ex 
situ observation and first-principle calculation results.

Figure 3e shows the variations in the chemisorption poten-
tial based on the number of lithium ions intercalated in the 
sublayer of the AA graphitic surfaces. As the concentration of 
intercalated lithium ions increased, all chemisorption poten-
tials gradually decreased, resulting in a significant decrease in 
the number of accessible chemisorption sites. Thus, the rela-
tionship between the bulk chemisorption and intercalation 
capacities is a crucial indicator for determining whether or 
not hard carbon samples exhibit low-voltage plateau capacities. 
Numerous bulk-chemisorbed ions filled a few nanometer-scale 
closed pores surrounded by graphitic domains, and at ≈0  V, 
the weakly chemisorbed ions were released from the defec-
tive surface, resulting in a two-phase nanoclustering process 
in the ion-saturated inner surfaces of the closed pores. There-
fore, long-range sodiation plateau capacities were achieved in 
all the samples because of their poor intercalation properties, 
which did not impede the bulk chemisorption of the sodium 
ions (Figure 3f). By contrast, the relative ratio of the inner pores 
surrounded by the surfaces of the lithium-intercalated graphitic 
lattice domains was significantly increased, particularly in sam-
ples subjected to high-temperature annealing, which inhibited 
the lithium-ion chemisorption and the subsequent nanoclus-
tering process. Consequently, only HC1200 and HC1600, which 
contained significantly more defective graphitic structures, 
exhibited low-voltage plateau capacities (Figure 3f).

The nanoclustering reaction should be spatially constrained 
by the closed pore volume, leading to a pore-volume-dependent 
variation in the plateau capacity. To confirm the quantitative 
capacity–pore relationship, the sodium volume fraction (ΦNa) 
filled by the sodium nanoclustering and the closed pore volume 
(Φpore) obtained from the model fitting of the SAXS data were 
compared for the respective hard carbon samples (Text S2, 
Figure S8, and Table S5, Supporting Information). From the 
plateau capacity in the fully sodiated hard carbons, the ΦNa was 
calculated using Equation (1)

Na Na

v ,Na
Na

C D

C

× = Φ � (1)

where CNa, DNa, and Cv,Na are the experimentally obtained 
sodium plateau capacity, theoretical sodium density, and theo-
retical volumetric capacity of sodium, respectively. As shown in 
Figure 4a, the overall ΦNa variation trend was similar to that 
of the Φpore values, confirming a correlation between the pla-
teau capacity and pore volume. Further, the relatively large gap 
between the ΦNa and Φpore values on HC2800 revealed that the 
dense graphitic structure could kinetically obstruct the nano-
clustering reaction; therefore, proper graphitic local ordering 
could provide significantly high sodium plateau capacities. To 
further clarify the trend, bulk densities (DHC and DHC-SAXS, 
respectively) of the samples were calculated using the ΦNa and 

Φpore values, and the calculated bulk densities were compared 
with experimentally obtained bulk densities (DHC-column) in a 
density gradient column filled with benzene and 1,1,2,2-tetra-
bromoethane (Table S5, Supporting Information). The DHC 
values were obtained by multiplying the calculated carbon 
volume fractions (ΦC: 1 − ΦNa) and the hard carbon structure 
densities (DHC,struc.) using Equation (2)

/HC,struc. graphite 002,graphite 002,hard-carbonD D d d= × � (2)

where Dgraphite, d002,graphite, and d002,hard carbon are the bulk den-
sity (2.26 g cm−3) of graphite, d-spacing (0.334 nm) of graphite, 
and d-spacing of the hard carbon sample, respectively. Addi-
tionally, the DHC-SAXS values were obtained by multiplying the 
experimental carbon volume fractions (ΦC: 1 − Φpore) and the 
DHC,struc. values, and the DHC-column values were obtained in  
the density gradient column. The overall variation trends of the 
bulk densities (DHC, DHC-SAXS, and DHC-column) obtained from 
the three different methods coincided, supporting our claim 
that the sodium plateau capacities were affected by the closed 
pore volume (Figure 4b). Notably, the DHC and DHC-SAXS values 
of the hard carbons prepared at relatively high annealing tem-
peratures showed relatively large gaps with their DHC-column 
values, indicating that the closed pores unavailable for the 
sodium nanoclustering increased with the annealing tempera-
ture. The disorder parameter (fa) derived from the model fitting 
of the scattering from micropores (Ipores) with the Teubner–
Strey model in the SAXS curves explained the geometric transi-
tion of the pore structures and the corresponding reduction of 
the feasible sodium plateau capacities (Text S2 and Tables S3 
and S4, Supporting Information).[26,27] The fa was related to the 
shape and order of the closed pores. The fa values of HC1200 
and HC1600 were ≈1, which corresponded to a random two-
phase mixture. This structure facilitated sodium-ion diffusion 
throughout the internal areas of the hard carbon particles. 
However, with increasing annealing temperature, the fa values 
gradually approached ≈0.4, indicating randomly spread glob-
ular pores. Accordingly, the partially isolated spherical pores 
disrupted sodium-ion diffusion into the overall closed pores, 
leading to limited plateau capacities.

The validity of the lithium- and sodium-ion storage mecha-
nisms on hard carbon was demonstrated by the observed lithi-
ation/sodiation properties of a variety of polymeric hard carbon 
samples (Figure  4c,d and Figures S23 and S24 (Supporting 
Information)). Similar to the observations in this study, the 
various polymeric hard carbons prepared only at the relatively 
low annealing temperature of ≤1600 °C showed the lithium pla-
teau capacities, which were significantly lower than those of the 
theoretically expected plateau capacities (Figure 4c). This result 
revealed the considerable potential of hard carbon materials as 
anodes for LIBs, where the control of the lithium intercalation 
propensity could be a key to realizing the latent plateau capaci-
ties. Additionally, the overall polymeric hard carbons revealed 
the sodium plateau capacities, coinciding with our observa-
tion results for the series of hard carbon samples (Figure 4d). 
Notably, a significantly high plateau capacity of ≈355 mA h g−1  
was achieved with a sloping capacity of ≈165  mA h g−1 for 
the polyester-derived hard carbon prepared at 2000  °C, where  
the highest sodium plateau capacity was almost similar to the 
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theoretical value. This result indicated that high-performance 
hard carbon anodes could be realized in SIBs by increasing the 
volume of the available closed pore through precise material 
design.

3. Conclusion

A comprehensive comparative study elucidated the lithium/
sodium-ion storage sites and mechanisms of hard carbon 

anodes for both sloping and plateau voltage sections and 
confirmed two important correlations between:  i) the  bulk 
chemisorption and intercalation capacities and ii) the  closed 
pore volume and plateau capacities. These findings suggest 
that improved hard carbon anodes can be manufactured by 
designing optimal primary and secondary graphitic micro-
structures with well-developed bulk-chemisorption sites, 
poor intercalation characteristics, and an increased available 
closed pore volume. Thus, it is recommended that correla-
tion (i) be used to increase the bulk-chemisorption sites and 

Figure 4.  Comparison of the diverse bar graphs showing the close relationship between the plateau capacity and closed pore volume of hard carbon. 
a) Comparison of the closed pore volume fractions calculated from the low-voltage plateau capacities and the model fitting of the SAXS data. b) Com-
parison of the bulk densities obtained from the plateau capacity, SAXS data, and experimental characterizations. c) Comparison of the lithium plateau 
capacities and theoretical lithium plateau capacities obtained from the galvanostatic lithiation/delithiation profiles and experimental bulk densities, 
respectively. d) Comparison of the sodiation plateau capacities and theoretical sodium plateau capacities obtained from the galvanostatic sodiation/
desodiation profiles and experimental bulk densities, respectively.
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decrease the intercalation capacities to construct enhanced 
hard-carbon anodes in LIBs. Moreover, according to the results 
obtained from correlation (ii), increasing the available closed 
pore volume can be an effective research direction for high-
performance hard-carbon anodes in SIBs.

4. Experimental Section
Preparation of the Hard Carbon Series Samples: Commercial hard 

carbon (Carbotron S(F), Kureha Co., Japan) was heated in a graphite 
furnace under Ar flow from room temperature to 1200, 1600, 2000, 2400, 
and 2800 °C. Different heating rates of 5, 3, and 2 °C min−1 were applied 
for the temperature ranges between room temperature  to  1600  °C, 
1600–2400  °C, and 2400–2800  °C, respectively. The heating temperature 
was hold at the target temperature for 2 h, and then, the graphite furnace 
was naturally cooled. The resulting hard carbon series samples were 
washed with ethanol several times and stored in a vacuum oven at 30 °C.

Characterization: Morphologies and local microstructures of the hard 
carbon series samples were characterized by field-emission scanning 
electron microscopy (S-4300SE, Hitachi, Japan) and FE-TEM (JEM2100F, 
JEOL, Japan). Crystallographic structures of the hard carbons were 
analyzed by XRD (Rigaku, DMAX 2500) patterns and Raman spectra 
(LabRAM HR Evolution, HORIBA) with a laser wavelength of 514.5 nm. 
For XRD analysis, a Cu Kα radiation generator (λ = 0.154 nm) was used 
in a 2θ range of 5°–60° at 100 mA and 40 kV. From the XRD patterns, 
the thickness of the crystallites along the c-axis (Lc) was calculated 
using the Scherrer formula, Lc  = Kλ//βcosθ, where K, λ, β, and θ are 
the shape factor (commonly 0.9), the X-ray source wavelength of Cu Κα 
(1.54 Å), the full width at half maximum in radians, and the diffracted 
angle, respectively. The La was calculated from the intensity ratio of 
D to G bands, ID/IG in Raman spectra. When La  > 2  nm, Tuinstra 
and Koenig equation, ID/IG  = (λ)/La, could be used, where C(λ) was 
4.4 on the 514  nm laser wavelength. In case of La  < 2  nm, Ferrari and 
Robertson relationship, ID/IG  = C′(λ)/La

2, could be utilized, where 
C′(λ) is a wavelength-dependent prefactor calculated by the following 
relation: C′(λ)  =  C0  +  , where, C0  =  −12.6  nm and C1  = 0.033. Surface 
chemical structure of the hard carbons was investigated through X-ray 
photoelectron spectroscopy using monochromatic Al Kα radiation. 
Specific surface areas and porous properties of the hard carbons 
were analyzed by nitrogen adsorption and desorption isotherms at 
77 K and carbon dioxide adsorption isotherms in the pressure range  
0.019–794 mmHg (ASAP2020, Micromeritics, USA).

SAXS Analysis: The SAXS profiles were measured in the range of  
0.02–0.7 Å−1 with Cu Kα radiation using NANOPIX (Rigaku) at the 
HANARO facility, Republic of Korea. Silver behenate powder was used as 
a standard sample for the data calibration of the q-space. All the acquired 
SAXS profiles were calibrated to volumetric scattering cross-section  
( cm 1

I
− ) through standard method with NIST (National Institute of 

Standards and Technology)  glass carbon standard sample (SRM 3600, 
SN: A37), then converted to a specific scattering cross-section ( cm g2 1

I
− ) 

by normalization with effective bulk density ρ, which was determined by 
sample attenuation method.[26] SASVIEW and Irena/NIKA package were 
used for model fitting of SAXS data.[27]

Small-Angle Neutron Scattering (SANS) Analysis: The SANS 
measurement was conducted using the 40M SANS instrument at 
HANARO neutron facility, KAERI. The SANS dataset in the range of 
0.03–0.9 Å−1 was collected at sample-to-detector distance of 1.16 m with 
neutron wavelength of 5 Å. The absolute scaling to volumetric scattering 
cross-section ( cm 1

I
− ) of the dataset was carried out by direct beam flux 

method using HANARO SANS data reduction software.
Model Fitting of SAXS and SANS Date for Porosity and Other 

Morphological Parameters of Micropores: Specific pore volume (unit: cm3 g−1)  
and other morphological parameters of micropores including the 
pore–pore distance d, the correlation length ξ, the disorder parameter 
fa, the average pore radius r, were calculated through model fitting of 
specific scattering cross-section by Teubner–Strey model.[26] The final 

microporosity, Φpore (unit: cm3/cm3) was calculated by multiplying the 
particle density to specific pore volume of each sample.

Electrochemical Characterization: Electrochemical tests for lithium-ion 
and sodium-ion storage behaviors of the hard carbon series samples 
were conducted with an automatic battery cycler (wbcs3000LE32_4, 
Wonatech, South Korea) and CR2032-type coin cells. Working electrode 
was prepared from a slurry method using the hard carbon active 
material, conductive agent (>99%, Alfa Aesar, USA), and poly(vinylidene 
fluoride) binder (MW: 534 000, Sigma-Aldrich, USA) as a weight ratio of 
8:1:1 in N-methyl-2-pyrrolidone (99.0%, Sigma-Aldrich, USA). The slurry 
was uniformly coated in Cu foil (99.8%, Welcos, South Korea) substrate, 
and dried in a convention oven at 120  °C for 1  h. The active material-
loaded Cu foils were punched as a 1/2 in. diameter, where the active 
material loading densities were ≈2 mg cm−2. The working electrode was 
assembled with a glass microfilter separator and a lithium or sodium 
metal foil as a reference/counter electrode. Electrolyte was prepared by 
dissolving 1 m LiPF6 (battery grade, Sigma-Aldrich, USA) or 1 m NaPF6 
(98%, Sigma-Aldrich, USA) in ethylene carbonate (EC) and diethyl 
carbonate (DEC) mixture (1:1 v/v) solution, and 60 µL of the electrolyte 
was used for each half-cell test. Galvanostatic discharge/charge tests 
were conducted at a current density of 20 mA g−1, and EIS profiles were 
obtained at room temperature in the frequency range of 1 MHz to 50 Hz 
using an impedance analyzer (ZIVE SP1, WonAtech, South Korea).

Sequential Electrochemical Tests: The sodium-ion half-cells composed 
of the hard carbon working electrode, a sodium foil counter/reference 
electrode, and both polyethylene (PE, SB16C, Welcos, South Korea) 
and glass microfilter separators were assembled with the sodium-ion 
electrolyte (1  m NaPF6 in EC/DEC). The sodium-ion half-cells were 
precycled through a galvanostatic discharge/charge process at a current 
density of 20 mA g−1 over a voltage window of 0.01–2.7 V vs Na+/Na, and 
then galvanostatically sodiated by −0.01 V vs Na+/Na. The fully sodiated 
hard carbon working electrodes were extracted from the sodium half-
cells and reassembled with a lithium foil counter/reference electrode, 
the new separator combination (PE + glass microfiber filter), and the 
lithium-ion electrolyte (1  m LiPF6 in EC/DEC) under Ar atmosphere. 
The lithium-ion half-cells were galvanostatically lithiated by −0.01  V vs  
Li+/Li at a current density of 20 mA g−1, and followed by being delithiated 
to 3.0 V vs Li+/Li. Then, the lithium-ion half-cells were galvanostatically 
cycled during 3 times over a voltage window of −0.01 to 3.0 V vs Li+/Li. 
The hard carbon electrodes were again extracted in the lithium-ion half-
cells and reassembled with a sodium foil counter/reference electrode, 
the new separator combination (PE + glass microfiber filter), and the 
sodium-ion electrolyte (1  m NaPF6 in EC/DEC) under Ar atmosphere. 
After sodiation by −0.01  V vs Na+/Na, the hard carbon electrodes 
were extracted from the sodium-ion half-cells, and reassembled as the 
lithium-ion half-cells by the same method to the previous step. The 
reassembled lithium-ion half-cells were galvanostatically cycled over the 
voltage window of −0.01 to 3 V vs Li+/Li during 3 cycles.

Computational Details: First-principle calculations based on density 
functional theory (DFT) were performed using generalized gradient 
approximation (GGA) with the Perdew–Berke–Ernzerhof functionals 
and the projector-augmented wave pseudopotentials as implemented 
in Vienna Ab initio Simulation Package.[33] The hard carbon models 
were constructed based on a (4 × 4) supercell of 2 layers of hexagonal 
graphene with and without topological defects. A kinetic energy cutoff of 
400 eV and gamma-centered k-point meshes of (4 × 4 × 4) for bulk and 
(4 × 4 × 1) for surface were applied. All structures were fully relaxed until 
the residual force in the supercell converges within 0.02  eV Å−1. Since 
conventional GGA functionals described van der Waals interactions 
poorly, the D3-BJ correction method known to properly describe the 
physics of graphite and its lithium-ion intercalation was adopted.[34,35] 
The surface- and bulk-chemisorption voltages of alkali metal ion (M) 
were calculated as follows

( )( ) ( ) ( )= − − −∗ ∗M MchemisorptionV E E E � (3)

where E(M*) and E(*) are DFT energies of hard carbon system with 
and without an alkali metal ion adsorption, and E(M) is an atomic 
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energy of alkali metal calculated from bulk phase. Nudged elastic band 
calculations were performed to determine the diffusion barrier for alkali 
metal intercalants in hard carbon.

Preparation of Polymeric Hard Carbons: The polymeric hard carbon 
materials were prepared from different polymer precursors such as 
cellulose, lignin, silk protein, and polyester by two-step heat-treatment 
process. In the first heat-treatment process, the precursors were 
pyrolyzed in a tube furnace at 800 °C for 2 h under an Ar flow. Heating 
rate of 5 °C min−1 and Ar flow rate of 200 mL min−1 were applied for the 
process. The carbonaceous products were then thermally annealed in a 
graphite furnace at different heating temperatures of 1200, 1600, 2000, 
2400, and 2800 °C for 2 h under Ar atmosphere. Different heating rates 
of 5 and 3 °C min−1 were applied from 1200 to 2000 °C and from 2000 to 
2800 °C, respectively.
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