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ABSTRACT: Achieving the full potential of hard carbon (HC) for sodium
storage requires a deep understanding of its complex porous structure as well
as charge storage mechanism. While the contribution of sodium deposition
within HC pores to the overall capacity is recognized, detailed visualization
and mechanistic understanding of this process remain challenging. This
study leverages advanced electron microscopy techniques to probe the
intricate pore architecture of HC and directly visualize sodium storage within
its pores. By employing an HC material (PHC-1) with rich closed pores as
the platform material, electron tomography is utilized to reconstruct the pore
architecture of PHC-1, providing quantitative insights into porosity, pore
size, and pore structure. Low-dose electron microscopy visualizes metastable
sodium clusters filling up within the pores during sodiation. Complementary
in-situ and ex-situ characterizations further elucidate the synergistic
adsorption-intercalation-filling mechanism of PHC-1. This contribution provides significant insights into the structure−property
correlation of HC.
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The growing need for sustainable and cost-effective energy
storage has positioned sodium-ion batteries (SIBs) as a

viable choice, primarily due to the low cost and great
abundance of sodium.1−3 Unlike lithium-ion batteries (LIBs),
which utilize graphite anodes, SIBs require alternative anode
materials, because of the thermodynamic instability of
sodium−graphite intercalation compounds.4−6 This has driven
extensive research into a range of potential anode materials,
with hard carbon (HC) emerging as a highly promising
candidate, due to its substantial sodium storage capacity and
suitable operating potential.7−9

The sodium storage property of HC is closely linked to its
microstructure, which is characterized by fine, few-layer,
curved graphene sheets that are stacked in a disordered
manner, forming a semicrystalline structure with a high density
of defects and pores.10,11 This distinctive architecture supports
a complex sodium storage mechanism that includes Na+

adsorption on surfaces and defect sites, Na+ insertion in
graphene layers, and, importantly, the filling of nanopores with
electrochemically deposited sodium.12−14 The electrochemical
profile of HC anodes is typically characterized by a sloping
region above 0.1 V, corresponding to Na+ adsorption and
insertion, and a plateau region below 0.1 V, associated with
closed nanopore filling by quasi-metallic Na cluster.15 It is well-
established that this low-voltage plateau capacity, a major
contributor to the overall capacity, is directly correlated with

the porosity, pore size, and accessibility of the closed
nanopores.16−18

Therefore, the rational design of high-performance HC
anodes is contingent upon precise control over their porous
architecture.19−21 To this end, considerable effort has been
invested in developing synthesis techniques, such as the use of
triblock copolymer templates to tailor the porosity of HC.22,23

However, fully understanding the interplay between closed
nanopores and sodium storage requires a direct correlation
between the complex three-dimensional (3D) porous
architecture and the distribution of Na clusters within the
pores. This remains a challenge due to limitations inherent in
conventional characterization techniques.

Herein, a hard carbon material with rich closed pores
(designated PHC-1) has been constructed as the platform
material to study its detailed pore architecture and sodium
storage mechanism. Leveraging the capabilities of electron
tomography, we reconstruct the intricate porous architecture
of PHC-1 in three dimensions, providing quantitative data on
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the porosity, pore size, and pore structure. Furthermore, low-
dose electron microscopy based on aberration-corrected
transmission electron microscopy (AC-TEM) is employed to
directly visualize the spatial distribution of sodium clusters
within the closed pores of PHC-1 after sodiation, providing
unambiguous evidence of sodium deposition within the
confined nanospaces. These advanced imaging techniques,
coupled with comprehensive electrochemical characterization
and complementary in-situ and ex-situ studies, allow us to
elucidate the interplay between the complex porous
architecture and the sodium storage mechanism of HC
materials. This contribution not only provides a thorough
understanding of the sodium storage in the closed pores of HC
but also provides insights on the rational design of advanced
HC materials for SIBs.

The platform materials, hard carbon microspheres, were
synthesized by a soft template-assisted spray drying method
(Figure 1a). In detail, a mixture containing phenolic resin,
serving as the carbon precursor, and Pluronic F127 (0, 1, 2 g),
serving as the porogen, were spray-dried to form composite
microspheres. The presence of F127 within the composite
microspheres was confirmed by Fourier transform infrared
(FTIR, Figure S1a), and its decomposition during pyrolysis at
350 °C under Ar was verified by thermogravimetric analysis
(TGA, Figure S1b). Final high-temperature carbonization
under an Ar atmosphere yielded HC materials (PHC-0, PHC-
1, PHC-2) with tailored porosity.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) reveal that both PHC-0 (Figure
S2) and PHC-1(Figures 1b and 1c) exhibit a smooth spherical
morphology, whereas PHC-2 (Figure S3) displays a collapsed
spherical shape with a roughened surface. High-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) reveals that PHC-1 (Figure 1d) contains a
more uniform distribution of pores within the carbon matrix
compared to PHC-0 and PHC-2 (Figure S4). High-resolution
TEM (HRTEM) images of PHC-1 (Figure 1e) show
numerous closed pores surrounded by randomly oriented
and tightly stacked graphitic carbon layers, with an interlayer
spacing of approximately 0.38 nm. For PHC-0 and PHC-2,
they exhibit fewer closed pores (Figure S5).

X-ray diffraction (XRD) patterns of the PHC samples
(Figure 1f) display broad diffractions characteristic of HC at
∼23° and 45°, corresponding to the (002) and (100) planes,
respectively. The (002) peak shifts to lower angles with
increasing F127 content, indicating an increase in interlayer
spacing, as calculated by the Bragg equation. The average
crystallite thickness (Lc) along the c-axis and width (La) along
the a-axis are determined by the Scherrer equation: Lc = 0.87,
0.91, and 0.88 nm; La = 1.64, 1.90, and 1.65 nm for PHC-0,
PHC-1, and PHC-2, respectively (Figure 1g).16,24

X-ray photoelectron spectroscopy (XPS) confirms that all
samples are primarily composed of carbon (C) and oxygen
(O) (Figure S6). High-resolution C 1s spectra show
components at around 284.8, 285.7, 287.1, and 289.0 eV,

Figure 1. Microstructure of the customized HC. (a) Schematic illustration of the synthesis of PHC-1; (b) SEM image of PHC-1; (c) TEM image
of PHC-1; (d) HAADF-STEM image of PHC-1; (e) HRTEM image of the PHC-1; (f, g) XRD patterns (panel (f)) and the corresponding
graphitic crystallite size (panel (g)) of PHC-0, PHC-1, and PHC-2; (h, i) Raman spectra (panel (h)) and the corresponding D-band to G-band
areal ratio (panel (i)) of PHC-0, PHC-1, and PHC-2.
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which are assigned to C−C, C−O, C�O, and O−C�O
bonds, respectively.25 The CHONS analysis results show that
the O content generally increases as the F127 dosage increases
(Table S1). Raman spectroscopy (Figures 1h, 1i) reveals an
increasing of the D-band to G-band ratio (AD/AG) from 2.04
for PHC-0 to 2.54 for PHC-2. That is to say, a greater amount
of F127 would induce a higher degree of disorder (Figure
S7).26

To investigate the influence of F127 on the porous structure
of HC materials, N2 adsorption−desorption isotherms are
obtained for PHC-0, PHC-1, and PHC-2 (Figure S8a).
Brunauer−Emmett−Teller (BET) analysis shows specific
surface areas of 2.9, 4.3, and 226.2 m2 g−1 for PHC-0, PHC-
1, and PHC-2, respectively. The low surface area of PHC-1
unambiguously demonstrates its closed pore structure. Pore
size distributions (Figure S8b) indicate a lack of significant
pores in PHC-0 and PHC-1, while the PHC-2 exhibits pores
primarily in the 2−7 nm range.

To further probe the micropores, we conducted CO2
adsorption−desorption measurements (Figure 2a). The
PHC-2 exhibits a substantially higher CO2 uptake than
PHC-0 and PHC-1, confirming its greater pore volume

(Figure 2b). With rich micropores ranging from 0.3 to 0.9
nm, PHC-2 has a pore volume of 0.18 cm3 g−1. In contrast,
PHC-0 and PHC-1 show minimal CO2 adsorption, with
calculated pore volumes of only 0.0029 and 0.028 cm3 g−1,
respectively. Therefore, both N2 and CO2 sorption results
show that PHC-2 has a different pore structure compared to
PHC-0 and PHC-1. Although both PHC-1 and PHC-2 are
templated from F127, it is postulated that the pores in PHC-1
might be predominantly closed and thus inaccessible to N2.16

To verify this hypothesis, small-angle X-ray scattering (SAXS)
is employed to probe the closed pore structure, as SAXS is able
to detect both open and closed pores. The SAXS patterns
(Figure 2c) exhibit characteristic scattering features in the
0.01−1 Å−1 region, indicative of nanoporosity. Notably, the
PHC-1 displays a marked increase in scattering intensity within
the region compared to PHC-0 and PHC-2, suggesting a
significantly higher amount of closed pores.27

Detailed analysis of the SAXS data (Figure S9a−c) allows
for the determination of closed pore parameters. The average
closed pore size in PHC-1 is estimated to be 2.5 nm (Figure
S9d), considerably larger than those of PHC-0 and PHC-2.
Combining with the N2 and CO2 sorption results, it could be

Figure 2. Porous architecture characterization. (a, b) CO2 adsorption−desorption isotherms (panel (a)) and the corresponding pore size
distributions (panel (b)) of PHC-0, PHC-1, and PHC-2; (c) SAXS patterns of PHC-0, PHC-1, and PHC-2; (d) HAADF-STEM image and the
corresponding enlarged images of PHC-1; (e, f, g) statistical illustration of the stacked carbon layers (panel (e)), interlayer spacing (panel (f)), and
pore diameter of PHC-1 (panel (g)).
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concluded that the PHC-2 mainly contains large open pores
while the PHC-1 primarily contains small closed pores. These
results strongly suggest that F127 plays a significant role in the
pore structure of the hard carbon: an appropriate amount of
F127 would induce the formation of small closed pores, while
an excessive amount of F127 would lead to the formation of
large open pores (Figure S10).

High-magnification HAADF-STEM images provide detailed
insights into the local microstructure of PHC-1, particularly
the graphitic layers and pore characteristics (Figure 2d).
Statistical analysis of the images (Figure S11) reveal that the
microcrystalline graphitic domains consist of approximately 3−
4 stacked layers (Figure 2e) with an (002) interlayer spacing of
∼0.38 nm (Figure 2f). The closed pore size is centered at
approximately 1.8 nm (Figure 2g).

While STEM images provide valuable information about the
pore, they are inherently limited to two-dimensional
projections, potentially obscuring the true nature of closed
pores. To overcome this limitation and gain a comprehensive
understanding of the closed pore structure of PHC-1, 3D
electron tomography reconstruction is employed. A series of
HAADF-STEM images are acquired at 2° intervals over a 150°
angular range (see Figure 3a and Supplementary Video 1) and

utilized for tomographic reconstruction. The reconstructed 3D
model (Figure 3b) exhibited a shape consistent with the
HAADF image at 70°, proving the authenticity of the
reconstruction process. The front, top, and right views are
displayed in Figure S12. To further illustrate the inner pore
structure, 4 representative orthoslices are extracted from the
labeled positions in the side view, revealing a uniform
distribution of pores (∼2 nm) throughout the carbon (Figure
3c).

To gain further insight into the internal architecture of
PHC-1, a cubic subvolume (23.9 nm × 29.6 nm × 33.1 nm) is
extracted from the reconstructed tomographic model for
quantitative analysis (indicated by the blue frame in Figure
S12). Within this subvolume, contrast variations in the

HAADF-STEM data, which arise from differences in atomic
number (Z) and density, are utilized to segment the closed
pores from the carbon matrix (Figure S13). In this context, the
denser, higher-Z carbon matrix presents a brighter contrast
than the less dense, lower-Z closed pores. Initial segmentation
of HAADF-STEM uses different rendering to help audience
visually distinguishing the target regions (carbon matrix
rendered blue, pores as gray) (see Figure 3d and Supple-
mentary Video 2). The volume fraction of closed pores is
calculated to be ∼39% of the total subvolume. The volume
separation module is employed to quantify pore and carbon
segment morphology within the segmented subvolume. This
tool applies a watershed algorithm to a distance map,
delineating boundaries between adjacent yet topologically
distinct features.28

Analysis of the separated objects yields an average closed
pore size of 2.5 nm and an average carbon “building-unit”
width of approximately 4.5 nm (see Figures 3e and 3f). The
consistency between the pore size determined via tomography
and that obtained from SAXS analysis underscores the
reliability of both techniques for characterizing closed
nanopores. While SAXS provides statistically averaged
information over a larger sample volume, 3D tomography
combined with HAADF-STEM offers visual confirmation and
higher spatial resolution, therefore establishing a more
comprehensive understanding of the porosity within the HC.

The electrochemical performances of the PHC samples are
evaluated using cyclic voltammetry (CV) and galvanostatic
charge−discharge (GCD) measurements. The CV curves for
PHC-1 at 0.2 mV s−1 (Figure S14) exhibit a pair of sharp,
symmetrical redox peaks at approximately 0.1 V, indicating
highly reversible electrochemical reactions.29

The cycling performances at 50 mA g−1 are shown in Figure
4a. The PHC-1 demonstrates minimal capacity fade over 100
cycles, with a capacity retention of 90.6% (relative to the
second cycle), significantly higher than those of PHC-0
(86.1%) and PHC-2 (82.2%). GCD profiles at 50 mA g−1

(Figure 4b) reveal that the PHC-1 achieves a reversible
capacity of 361 mAh g−1 and an initial Coulombic efficiency
(ICE) of 89%, outperforming both PHC-0 (295 mAh g−1, 86%
ICE) and PHC-2 (247 mAh g−1, 81% ICE). The GCD profiles
of all three samples exhibit the characteristic sloping region
(>0.1 V) and plateau region (<0.1 V) typical of HC. Notably,
PHC-1 displays a significantly enhanced plateau capacity
compared to PHC-0 and PHC-2 (Figure 4c), which arises
from its increased proportion of closed nanopores for Na
deposition. The superior rate capability of PHC-1 is evident in
Figure 4d. The PHC-1 consistently delivers higher capacities
than PHC-0 and PHC-2 across all current densities tested
(50−2000 mA g−1). Even at 2000 mA g−1, the PHC-1 retains a
capacity of 230 mAh g−1, and it recovers to 350 mAh g−1 when
the current is reduced back to 50 mA g−1. Long-term
cyclability at 500 mA g−1 (Figure 4e) further demonstrates
the exceptional stability of PHC-1, which exhibits a capacity
retention of 90.7% after 500 cycles, significantly outperforming
PHC-0 (79.1%) and PHC-2 (79.8%).

GITT measurements at a pulse current of 50 mA g−1 are
used to calculate the Na+ diffusion coefficients (DNa+) during
both sodiation and desodiation. The PHC-1 exhibits higher
DNa+ values throughout both the sloping and plateau regions of
the charge−discharge profile compared to those of PHC-0 and
PHC-2 (Figure S15). EIS measurements (Figure S16) further
reveal that PHC-1 has a charge transfer resistance (Rct)

Figure 3. 3D structural reconstruction and pore structure analysis. (a)
Representative HAADF-STEM images of the PHC-1 at different
rotation angles; (b) reconstructed PHC-1 model; (c) side view (left),
representative orthoslices from labeled positions (xy planes,
perpendicular to the z axis, middle), and magnified orthoslices
(right); (d) illustration of the subvolume segmentation by contrast,
volume separation and generated network model (from left to right);
and (e, f) statistical size distributions of the carbon (panel (e)) and
the pore (panel (f)).
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significantly lower than those of PHC-0 and PHC-2. These
findings indicate that the F127-templated pore structure in
PHC-1 facilitates faster charge transfer and reduced polar-
ization, ultimately enhancing the Na+ transport kinetics.

Full cells are assembled using Na3V2(PO4)3 (NVP) as the
cathode and PHC-1 as the anode. The NVP cathode exhibits
excellent capacity and rate performance in a half-cell
configuration (Figure S17). The NVP//PHC-1 full cell
demonstrates a high reversible capacity of 102 mAh g−1

(based on the mass of NVP) at 50 mA g−1, slightly lower
than the capacity of NVP in the half-cell (Figure 4f). The full
cell also achieves excellent cycling stability, retaining 90% of its
initial capacity after 100 cycles at 50 mA g−1 (see Figures 4f
and 4g). Furthermore, the NVP//PHC-1 full cell displays an
impressive rate capability, maintaining a capacity of over 80
mAh g−1 even at 2000 mA g−1 (Figure 4h, Figure S18). These
results demonstrate the excellent compatibility between PHC-
1 and the NVP cathode, highlighting the significant potential
of PHC-1 for practical applications.

In-situ XRD is employed to investigate the sodium storage
mechanism of PHC-1 (Figure 5a). In the initial discharge
within the sloping region, the (002) diffraction peak
progressively narrows and its intensity diminishes. Based on
previous studies, this behavior is attributed to the adsorption of
Na+ at defect sites, followed by Na+ intercalation in graphitic
carbon layers and the formation of NaCx intercalation
compounds.30 Upon entering the plateau region, the (002)
peak exhibits a minimal change, consistent with the filling of
sodium into closed pores. This interpretation is further
supported by the observed shift in binding energy of the ex-
situ Na 1s XPS spectra (Figure S19), which demonstrates the
formation of quasi-metallic sodium. During subsequent
charging and in later cycles, the (002) peak broadens, and
its intensity gradually recovers, signifying the reversibility of
sodium storage process.31

In-situ Raman spectroscopy provides further insights into
the structural evolution of PHC-1 during sodiation and
desodiation (Figure 5b). During the initial discharging from

Figure 4. Electrochemical performance of PHC. (a) Cycling performances of PHC-0, PHC-1, and PHC-2 at 50 mA g−1; (b) the first GCD profiles
of PHC-0, PHC-1, and PHC-2; (c) the slope-region and plateau-region capacity contributions of PHC-0, PHC-1, and PHC-2 in the initial charge
process; (d) rate performances of PHC-0, PHC-1, and PHC-2; (e) cycling performance of PHC-0, PHC-1, and PHC-2 at 500 mA g−1; (f) cycling
performance of the NVP//PHC-1 full cell at 50 mA g−1; (g) GCD curves of the NVP//PHC-1 full cell; and (h) rate performance of the NVP//
PHC-1 full cell.
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1.5 V to 0.45 V, the G-band generally remains unchanged,
while the D-band gradually broadens without a significant shift
in position. This suggests that Na+ adsorption primarily occurs
at defect sites during the initial discharge process.32 As the
discharge continues to 0.05 V, a gradual shift of the G-band to
lower frequencies is observed, indicating Na+ intercalation into
the carbon layers.33 Upon further discharge to 0.01 V, both the
G and D bands remain essentially unchanged, consistent with a
pore-filling mechanism dominating this potential region.34

During subsequent charging, the G-band shifts back to its
original position, confirming the reversible nature of the
structural changes associated with sodium storage.35

To probe the nature of sodium stored within PHC-1 during
the low-voltage plateau, the disassembled electrodes are soaked
in an ethanol solution containing 1 wt % phenolphthalein. The
quasi-metallic sodium may react with ethanol to produce
hydrogen gas and ethoxide, resulting in a characteristic color
change in the presence of a phenolphthalein indicator.16 As
shown in Figure 5c, the ethanol solution remained colorless
during the initial stages of discharge. However, upon reaching
0.1 V, a faint red color emerges, indicating the initial formation
of quasi-metallic sodium within PHC-1. Further discharging to
0.01 V intensifies the red coloration and is accompanied by

significant bubble evolution, suggesting more substantial
formation of quasi-metallic sodium.

Ex situ AC-TEM with low-dose electron microscopy
techniques is employed to further investigate the structural
changes in PHC-1 during sodiation and desodiation. It is
worth noting that low-dose electron microscopy techniques are
typically employed to minimize beam-induced damage to
sensitive materials such as Na clusters during imaging. In its
initial state, the PHC-1 exhibits abundant closed pores (Figure
5d). Upon discharging to 0.01 V, both HAADF and ABF
images (Figure 5e) show a marked reduction in the visibility of
these closed pores, consistent with the filling of quasi-metallic
sodium clusters within the nanopores.36 This is further
corroborated by EELS mapping (Figure 5g), which reveals a
stronger Na signal within the pores of the discharged sample.
Notably, a comparison of the Na EELS peak position in region
1 (pore interior) and region 2 (carbon matrix) shows a shift to
lower energy in region 1 (Figure 5h), indicating an increased
concentration of quasi-metallic sodium within the pores.37

When charged back to 2.5 V, abundant closed pores reappear
(Figure 5f), confirming the reversible defilling process. The
(002) lattice spacing also exhibits reversible changes,
expanding from 0.380 nm in the initial state to 0.389 nm

Figure 5. Sodium storage mechanism of PHC-1. (a) In-situ XRD spectra of PHC-1; (b) in-situ Raman spectra of PHC-1; (c) optical image
showing the color change of ethanol containing 1 wt % phenolphthalein after reaction with the PHC-1 electrode at different potentials; (d, e, f) ex-
situ HAADF/ABF-STEM of pristine PHC-1 (panel (d)), PHC-1 after discharged to 0.01 V (panel (e)), and PHC-1 charged to 2.5 V (panel (f));
(g) HAADF-STEM image and the corresponding EELS mappings of PHC-1 after discharged to 0.01 V; (h) EELS from areas marked “1” and “2” in
panel (g); and (i) sodium storage mechanism diagram of the PHC-1.
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upon discharge to 0.01 V and contracting back to 0.383 nm
after recharging to 2.5 V (Figure S20).

Based on the above observations, the sodium storage
mechanism in PHC-1 can be described as a synergistic
adsorption−intercalation−filling process, as illustrated sche-
matically in Figure 5i. Initial storage involves Na adsorption on
surfaces and defects, followed by intercalation between
graphitic layers and, ultimately, the filling of closed pores
with quasi-metallic sodium clusters.

This study leverages the capabilities of electron tomography
to reconstruct in three dimensions the intricate porous
architecture of PHC-1, providing quantitative data on porosity,
pore size, and pore structure. AC-TEM with low-dose electron
microscopy techniques is employed to directly visualize the
spatial distribution of sodium clusters within the pores of
PHC-1 after sodiation, providing unambiguous evidence of
sodium deposition within these confined nanospaces. These
advanced imaging techniques, coupled with comprehensive
electrochemical characterization and complementary in-situ
and ex-situ studies, allow us to elucidate the complex interplay
between the pore architecture and the adsorption−intercala-
tion−filling sodium storage mechanism. This work not only
provides a thorough understanding of the sodium storage in
the closed pores of HC but also provides insights into the
rational design of advanced HC materials for SIBs.
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