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A B S T R A C T

Sodium-ion batteries (SIBs) are attractive alternatives to lithium-ion batteries owing to their comparable per
formance, improved safety, and reduced reliance on critical raw materials. Hard carbon (HC) is widely regarded 
as the most practical anode for SIBs; however, conventional HCs still suffer from limited reversible capacity, poor 
rate capability, and an incompletely understood Na+ storage mechanism. Here, we investigate hazelnut 
shell–derived HC synthesized via a sustainable water-washing route, with a particular focus on the effects of 
particle size and pyrolysis temperature on electrochemical behavior. We demonstrate that smaller particle sizes 
improve reversible capacity and cycling stability, while uniformly distributed nanoscale inorganic impurities 
regulate the evolution of pore structure in HC, thereby enhancing Na⁺ storage. A clear thermodynamic rela
tionship between the sloping and plateau capacities is identified. Operando X-ray diffraction and ex-situ Raman 
spectroscopy reveal that Na+ storage proceeds through chemisorption in the sloping region and diffusion- 
controlled Na clustering within pseudographitic domains in the low-voltage plateau, accompanied by revers
ible structural disordering. Density functional theory and molecular dynamics simulations further confirm that 
Na+ preferentially chemisorbs at disordered carbon layers at higher potentials and subsequently forms semi- 
metallic Na clusters within nanopores adjacent to pseudographitic layers at lower potentials, closely linked to 
the pre-adsorbed Na+ species. These findings provide fundamental mechanistic insight into Na+ storage in 
biomass-derived HC and offer clear guidelines for optimizing HC anodes toward high-performance SIBs.

1. Introduction

In the quest for sustainable, cost-effective energy storage solutions, 
sodium-ion batteries (SIBs) have emerged as a promising alternative/ 
complement to lithium-ion batteries (LIBs) [1–3]. The development of 
SIB technology is motivated by concerns about the limited supply and 
uneven distribution of lithium and other LIB elements, such as cobalt, 
nickel, and natural graphite [4,5]. In fact, SIBs benefit from the abun
dant and inexpensive sodium resources and are not dependent on critical 
and/or high-environmental-impacting raw materials [6]. Together with 
similar electrochemical properties to LIBs, these advantages make SIBs 

an attractive option for large-scale energy storage and lightweight 
electromobility, as announced by JMEV EV3 Motors Group [7–9]. 
However, developing efficient and durable anode materials for SIBs 
remains a significant challenge [10]. Conventional anode materials 
often fall short in terms of capacity, stability, and/or environmental 
sustainability, and the still-controversial mechanism of hard carbon 
(HC) anodes further impedes their standardization [11,12].

Various carbon precursors can be employed to manufacture HC 
anode materials. Traditional precursors, such as sugars and polymers 
[13], often require acidic or basic pre- and/or post-treatments [14], 
resulting in high synthetic costs, low yields (usually < 30%), and 
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sustainability hazards, which significantly reduce the sustainability of 
SIBs [15]. In contrast, biowaste is underutilized and often burned in the 
open air, releasing CO2, volatile organic compounds, and fine particles, 
thereby disrupting carbon neutrality and contributing to air pollution 
[16]. An optimal and sustainable use of biowaste is indeed found in 
energy-related applications [17], including the use of biowaste-derived 
HC as sustainable and efficient anode materials for SIBs, paving the way 
for future advancements in energy storage technology [18]. Different 
biowastes have been investigated as potential sources for HC anode 
materials, including biowaste rich in hemicellulose, lignin, and pectin 
[19,20]. Lignin-rich biowaste, in particular, was shown to yield HCs 
with high performance, including capacity and initial Coulombic effi
ciency (ICE), for SIBs [21]. Nonetheless, the rational design of optimal 
HC anode materials requires a deep understanding of their Na+ storage 
mechanism. Indeed, the optimal balance between the sodiation pro
cesses, occurring in a sloping voltage region and a low voltage plateau 
region, as well as the processes involved in each region, remains a matter 
of controversy [22,23]. Other main challenges correspond to the ICE, 
where most HC anodes typically do not exceed 80%, which is not 
optimal for commercial applications [24,25]. It has been reported that 
increasing the pyrolysis temperature improves the ICE by reducing de
fects and open porosity, thereby lowering the irreversible capacity [24,
26]. This indicates that the pyrolysis temperature is a critical parameter 
for developing industry-relevant HC anode materials, as it significantly 
affects electrochemical performance, with specific capacities peaking at 
temperatures of 1200–1600 ◦C [24]. Nonetheless, other synthetic pa
rameters should also be considered, such as different pre- and 
post-pyrolysis treatments, which are often required to achieve optimal 
HC performance, but depend on the specific biowaste precursor [27].

Previous research identified hazelnut-shells, which have a high 
lignin content (≈48% lignin), as an excellent precursor for fabricating 
HC anode materials for SIBs, employing a simple water-wash pre- 
treatment [28,29]. This method is both environmentally friendly and 
economically viable, as confirmed by Life Cycle and Cost Assessments 
[30]. However, as mentioned, this HC material still suffers from several 
issues, and the Na+ storage mechanism remains unclear. Therefore, this 
work focuses on elucidating the Na+ storage mechanism in sustainable 
hazelnut-shell-derived HC as anode material for SIBs. To date, mecha
nistic studies have primarily focused on structural changes during 
sodiation, which can be broadly divided into two regions: the 
high-voltage sloping region capacity (HVC) and the low-voltage plateau 
region capacity (LVC), around which the controversy centers. Supported 
by X-ray diffraction (XRD) results, some studies suggest that LVC is 
associated with the Na+ intercalation process in the pseudographitic 
layers, leading to the formation of NaCx compounds, similar to the 
low-voltage plateau observed upon Li+ intercalation in graphite [31]. 
Transmission electron microscopy (TEM) studies reveal a more disor
dered structure after complete Na+ insertion [32]. On the contrary, 
some studies suggest that simultaneous insertion and adsorption of Na+

occur in HVC, whereas nanopore filling occurs in LVC [33–36]. Oper
ando Raman spectroscopy supports this mechanism, showing a revers
ible decrease of the G-band peak in HVC during charging and 
discharging [37]. Moreover, Han et al. reported that the Na steady-state 
in HC at 0.01 V differs significantly from that at 0.03 V, leading to Na 
clusters [38]. This may involve the formation of two-dimensional 
metallic Na clusters that are close enough to share a conducting elec
tron, as indicated by ex-situ atomic pair distribution function (PDF) 
analysis [38]. Further insights are provided by operando solid-state 23Na 
nuclear magnetic resonance (ssNMR) and PDF analysis, suggesting that 
capacity results from Na+ adsorbing onto pore surfaces, defects, and 
expanded layers before aggregating into larger quasi-metallic clusters or 
intercalated between expanded carbon sheets at lower voltages [39]. 
Vasileiadis et al. simulated this pore-filling mechanism using density 
functional theory (DFT) calculations, demonstrating that Na clusters 
“sandwiched” between graphene sheets have lower interface energy 
than isolated Na layers or clusters with exposed surfaces [40]. Despite 

these advancements, each study explains only part of the phenomenon, 
failing to establish the relationship between the different stages of the 
Na+ storage process in HC. In addition, these studies investigated HC 
materials with varying properties, further confirming that extrapolating 
results from a specific HC to all HCs is, in general, not accurate.

Therefore, this study explores the use of biowaste materials as a cost- 
effective and sustainable approach to developing HC anodes for SIBs, 
focusing on hazelnut shell biowaste, a readily available and renewable 
resource in Europe. The use of biowaste not only addresses environ
mental concerns by recycling waste, but also offers economic benefits 
[41,42]. Despite previous research, the role of impurities and the 
detailed mechanisms of Na+ storage remain unclear. Hence, this work 
aims to fill these gaps by thoroughly investigating the structure and 
composition of hazelnut shell-derived HC and proposing a novel 
explanation for the Na+ storage mechanism, distinguishing between the 
HVC and LVC regions, based on both experimental and theoretical 
studies, demonstrating their interrelated nature and their impact on the 
overall battery performance.

2. Experimental section

2.1. Materials preparation

Hazelnut shells were initially washed with deionized (D.I.) water and 
subsequently dried in an oven at 80 ◦C until dehydration. The dried 
hazelnut shells were then ground in a two-step process before pyrolysis. 
In the first step, the shells were ground into particles smaller than 1 mm 
using a mechanical mill (IKA®, sieve: MF10.1). In the second step, the 
material was further ground in a rotor mill (Retsch ZM 300) using a 0.08 
mm sieve. The resulting powder was sieved to micrometer-sized frac
tions using a sieve shaker (Retsch AS 200) to obtain fine powders of 
different particle sizes. The resulting fine powders were categorized into 
three size fractions: 100–50 μm, 32–25 μm and < 25 μm. The HC powder 
fractions 100–50 μm (labeled as 1100–100) and 32–25 μm (labeled as 
1100–32) were pyrolyzed in a tubular furnace (Nabertherm, P330) at 
1100 ◦C for 1 h (heating rate of 1 ◦C min-1) under Ar atmosphere. For the 
powder fraction with particles < 25 μm, pyrolysis was conducted at 900 
◦C (900–25), 1000 ◦C (1000–25), 1100 ◦C (1100–25) and 1200 ◦C 
(1200–25) for 1 h (heating rate of 1 ◦C min-1) under argon atmosphere. 
Finally, the HCs with different particle sizes pyrolyzed at 1100 ◦C 
(labeled as S-HCs) and the HCs with particle size below 25 μm pyrolyzed 
at various temperatures (labeled as T-HCs), were hand-ground with a 
mortar and stored in a dry room (dew point below − 70 ◦C) to prevent 
moisture absorption.

2.2. Materials characterization

The morphology and particle size of S-HCs were examined using 
high-resolution scanning electron microscopy (FE-SEM, ZEISS Cross
beam 340) with an acceleration voltage of 3 kV. Elemental analysis was 
conducted using Energy-Dispersive X-ray spectroscopy (EDX, Aztec, 
Oxford Instruments) at an accelerating voltage of 10 kV. The particle 
size distribution of S-HCs was determined by the Mastersizer 3000+
particle size analyzer. For hazelnut shells with particle size < 25 µm, 
pyrolysis at temperatures up to 1200 ◦C was analyzed using thermog
ravimetric analysis coupled with mass spectrometry (TGA-MS). Mea
surements were carried out in Al2O3 crucibles under Ar atmosphere with 
a heating rate of 10 K min⁻¹, using a TGA-DSC device (Netzsch STA 449 
C) coupled to a mass spectrometer (Netzsch QMS 403). Microstructural 
properties were investigated using powder XRD and Raman spectros
copy. XRD data were recorded on a Bruker Advance D8 diffractometer 
with Cu Kα radiation (λ = 1.5406 Å, 1.5444 Å) in the 2θ range of 10–90◦. 
Operando XRD measurements were performed in the 2θ range of 10–50◦. 
The operando half-cell was assembled using 1000–25 HC as the active 
material, comprising 90 wt.% active material and 10 wt.% binder, 
without any conductive carbon. Raman spectra of the HC powders and 
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electrodes were collected using a confocal Raman microspectrometer 
(Renishaw) equipped with a 633 nm red laser and a 50 × objective lens 
in a back-scattering configuration. Raman spectra of each HC sample 
were collected at least three times (ten measurements per samples) in 
the range of 700–2000 cm⁻¹, using five accumulations of 10 s each. The 
spectra were processed for background removal and normalization using 
LabSpec5 software, and further deconvoluted by Gaussian-Lorentzian 
functions. High-resolution transmission electron microscopy (HRTEM) 
was used to observe the HCs pyrolyzed at different temperatures (T- 
HCs). HRTEM analyses were conducted using a ThermoFisher Talos 
F200i microscope, operated at 200 kV. TEM samples were prepared by 
dispersing the HC powder on Cu TEM grids coated with a holey carbon 
support film. The surface chemistry of the HCs was evaluated using X- 
ray photoelectron spectroscopy (XPS, SPECS) in fixed transmission 
mode, equipped with a monochromatic Al X-ray source (Al Kα, hν =
1486.6 eV) and a PHOIBOS 150 hemispherical energy analyzer with a 
2D delay line detector. The C 1 s spectra were calibrated using the 
graphitic peak (C = C, sp²) at 284.4 eV as a reference and fitted with a 
nonlinear Shirley-type background and a 70:30 Gaussian-Lorentzian 
profile using CasaXPS software [43]. The porosity and specific surface 
area (SSA) of the HCs were determined from simulated adsorption iso
therms of Ar at 87 K and CO₂ at 273 K, using a Quantachrome 
Autosorb-iQ-MP/XR analyzer. Prior to adsorption, the HCs were 
degassed at 200 ◦C for 15 h. Pore size distribution (PSD) was calculated 
using the DFT method, considering the Ar87K on Carbon Slit Pore 
model. The small angel X-ray scattering (SAXS) patterns were collected 
using a Xeuss 3.0 equipped with an Eiger2 R detector. The 
sample-to-detector distance was set to 100 and 1100 mm. A Cu Kα 
source was exploited with a beam size of 0.35 × 0.35 mm2, obtaining a 
flux of ~107 photons s-1. The instrument́s sample chamber was kept 
under vacuum (P = 0.1 mbar) during the experiment. Each sample was 
exposed for 150 s. The empty capillary background was also collected 
and subtracted from the total scattering curve. Data treatment was 
performed with the Xsact software from Xenocs.

2.3. Electrode preparation and electrochemical characterization

Electrodes were prepared by mixing 80 wt.% hazelnut shell-derived 
HC, 10 wt.% conductive carbon (Super C45, IMERYS), 4 wt.% sodium 
carboxymethyl cellulose binder (Na-CMC, Sigma-Aldrich), and 6 wt.% 
styrene-butadiene rubber (SBR, ZEON). Na-CMC was added as a 2.5 wt. 
% aqueous solution in D.I. water. The mixture was homogenized using a 
centrifugal mixer (ARE250, THINKY) at 2000 rpm. The slurry was then 
cast onto a 15 μm-thick battery-grade Al foil (Wellcos Corporation), 
setting a wet thickness of 200 μm. The coating was dried overnight at 80 
◦C under ambient conditions. Disk electrodes (Φ = 12 mm) were 
punched and further dried under vacuum in a Büchi at 120 ◦C for 20 h. 
The average mass loading of HC electrodes was 3.5 mg cm⁻². Electro
chemical tests were conducted in three-electrode Swagelok® T-type 
cells, assembled in an Ar-filled glovebox (MBraun, H₂O and O₂ < 0.1 
ppm), using Na metal (99.8%, Across Organics) as both counter and 
reference electrodes and HCs as the working electrode. The electrolyte 
(240 μL) consisted of 1 M sodium hexafluorophosphate (NaPF₆, battery 
grade, Fluorochem) dissolved in a 1:1 vol. ratio of ethylene carbonate 
(EC, battery grade, UBE) and propylene carbonate (PC, battery grade, 
UBE), soaked in a glass fiber separator (GF/D, Whatman). Cyclic vol
tammetry (CV) tests of HCs were performed at a scan rate of 0.1 mV s⁻¹ 
within a potential range of 0.02–2.0 V vs. Na⁺/Na for 4 cycles. For T- 
HCs, CV tests were also conducted at scan rates of 0.05, 0.1, 0.2, 0.5, and 
1 mV s⁻¹. Galvanostatic cycling and C-rate capability tests were con
ducted using a battery tester (Series 4000, MACCOR) within the same 
potential range (0.02–2.0 V vs. Na⁺/Na). The specific current of 200 mA 
g⁻¹ was defined as a 1C. All electrochemical tests were performed on 
cells stored in climatic chambers at 20 ◦C ± 2 ◦C. Electrochemical 
impedance spectroscopy (EIS) measurements were performed along CV 
measurements at a scan rate of 0.05 mV s⁻¹, over a frequency range of 

1000 kHz to 3 mHz. Each EIS measurement required approximately 5 h. 
Distribution of relaxation times (DRT) analysis was carried out using 
DRTtools [44], based on impedance spectra collected with a 
multi-channel potentiostat-galvanostat (VMP3, Bio-Logic Science In
struments) at RT. For full coin cell assembly, HC electrodes (90:5:2:3 – 
HC:Super C45:Na-CMC:SBR composition), and a commercial Na3V2(
PO4)2F3 (NVPF) cathode from Tiamat (90 wt.% active material, 5 wt.% 
conductive carbon (Super C65), and 5 wt.% binder (PVDF)) were used in 
the N/P ratio of 1.3. The full cells were cycled in the 4.3–2.0 V operation 
voltage at 0.1C, and 1C (considering NVPF theoretical capacity).

2.4. Computational methods

DFT [45,46] calculations were performed using the Vienna Ab-initio 
Simulation Package (VASP) with the projector-augmented-wave (PAW) 
method [47,48]. Exchange–correlation effects were treated with the PBE 
functional [49], including long-range van der Waals interactions via the 
DFT-D3 scheme with Becke–Johnson damping [50]. A plane-wave cutoff 
of 520 eV was used for static calculations, with electronic convergence 
of 10–5 eV. Structural relaxations employed the conjugate-gradient al
gorithm, while lattice parameters were fixed. Spin polarization was 
included with initial moments of 0.6 μB per atom, Gaussian smearing 
was applied, and non-spherical contributions inside PAW spheres were 
considered. Brillouin-zone integration was performed at the Γ-point 
[51]. HC structures were generated via molecular dynamics using 
LAMMPS [52]. Initial configurations were prepared with Packmol [53] 
by randomly distributing 144 carbon atoms within a 12 × 12 × 12 Å3 

and 13 × 13 × 13 Å3 periodic simulation boxes, corresponding to two 
different carbon densities, while ensuring no atomic overlap. The 
Environment-Dependent Interatomic Potential (EDIP) [54] as imple
mented in OpenKIM was employed to accurately capture both sp2- and 
sp3-hybridized carbon and their transformations. Simulations used a 
timestep of 0.5 fs under periodic boundary conditions in all directions. 
HC formation was modeled through a five-stage melt–quench protocol: 
(1) initial relaxation and short NVT equilibration at 300 K for 5 ps, (2) 
linear heating to 3000 K over 10 ps under NVT conditions, (3) 
high-temperature annealing at 3000 K for 250 ps to promote atomic 
diffusion and graphitic domain formation, (4) gradual cooling from 
3000 K to 300 K under NPT conditions over 10 ps to allow volume 
relaxation, and (5) final NVT equilibration at 300 K for 5 ps followed by 
energy minimization. The resulting densified, disordered carbon 
network exhibits mixed sp2/sp3 hybridization, reflecting the structural 
characteristics of experimental HC. Structural features, including radial 
distribution functions and coordination number distributions, were 
analyzed to assess short- and medium-range order. The Na incorporation 
into the carbon matrix was simulated by randomly introducing 18 Na 
atoms into the 144-atom carbon structure using the Atomic Simulation 
Environment (ASE) Python package [55]. Atoms were placed at least 2.0 
Å apart to avoid unphysical overlaps. Configurations were generated 
and subsequently relaxed using VASP to determine their electronic 
structures and energetics. Ab initio molecular dynamics (AIMD) simu
lations were performed in the NVT ensemble using a Nosé–Hoover 
thermostat with a 1 fs timestep, an energy cutoff of 450 eV, and a total of 
15 ps simulation time. Spin-polarized calculations were used, with 
non-spherical PAW contributions and DFT-D3 dispersion. Symmetry was 
turned off to improve sampling, and structural snapshots were used to 
analyze sodium adsorption and cluster formation within the HC matrix.

3. Results

3.1. Morphology, composition, and structure of hazelnut-shell-derived 
hard carbons

The morphology, composition, including impurities, and structure of 
HCs were investigated and analyzed (see Fig. 1). The HCs with different 
particle sizes (i.e., 100–50 μm, 32–25 μm and <25 μm), confirmed by the 
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laser diffraction particle size analyzer (Fig. S1d), labeled as S-HCs, were 
all pyrolyzed at 1100 ◦C. Structural and morphological characterizations 
and surface chemistry analysis reveal only minor differences among the 
S-HC samples (Fig. S1). The SEM images of S-HCs (Fig. 1a) reveal that 
the particle size of the pyrolyzed carbons mostly depends on the particle 
size of the precursor.

To examine the effects of temperature on the pyrolysis, the precursor 

with the smallest particle size (< 25 µm) was subjected to different 
pyrolysis temperatures, such as 900 ◦C, 1000 ◦C, and 1100 ◦C (labeled as 
T-HCs). The HRTEM images in Fig. 1b reveal larger lattice-fringe do
mains, indicating a higher pseudographitic content in the sample py
rolyzed at elevated temperatures. These features, highlighted in the 
magnified images, are consistent with previous research findings 
[56–58]. This observation is also supported by the Raman spectroscopy 

Fig. 1. Morphology, composition and structure of S-HCs and T-HCs. a. SEM images of S-HCs. b. HRTEM images of T-HCs. c. XRD patterns of S-HCs and T-HCs 
(also included the reference reflections of the identified impurities). d. High-angle annular dark-field (HAADF-STEM) image and corresponding EDX elemental 
mapping of the highlighted region in 1100–25 T-HC, showing the distribution of impurities (right). e. SEM image of 1000–25 T-HC, with the enlarged view (right) 
highlighting the impurity particles.

Table 1 
Observed and calculated structural and pore properties of T-HCs obtained by EDX, XRD, Raman spectroscopy, and Ar and CO2 adsorption measurements.

T-HC sample C 
(at.%)

O 
(at.%)

K 
(at.%)

Ca 
(at.%)

R 
(XRD)

d002 

(Å) (XRD)
AD/AG 

(Raman)
Ar ads. - SSA 
(m2 g-1)

CO2 ads. - SSA 
(m2 g-1)

1100–25 95.3 4.0 0.4 0.3 1.91 3.83 2.66 178 140
1000–25 95.5 3.7 0.5 0.3 1.80 4.04 2.68 8 215
900–25 95.8 3.5 0.4 0.3 1.73 4.04 2.77 9 125
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results (Table 1, Fig. S2), showing that the AD/AG ratio decreases with 
increasing pyrolysis temperature. Furthermore, the interlayer distance 
(d002), calculated using Bragg’s Law, is generally observed to decrease 
with increasing pyrolysis temperatures. The degree of structural order in 
the pseudographitic domains, quantified using the R-value based on the 
(002) peak in XRD patterns according to Dahn's method [59] (details in 
Fig. S3), also increases with temperature, confirming the TEM findings.

Impurities inherent in biowaste-derived HC materials were analyzed 
using XRD, XPS, TEM, and EDX. Fig. 1c shows the selected XRD patterns 
in the 25◦− 50◦ 2θ range, while the full patterns are provided in Fig. S3. 
The results indicate that higher pyrolysis temperatures lead to stronger 
XRD signals from impurities, suggesting that these impurities become 
more aggregated and crystalline at elevated temperatures. For the 
1000–25 T-HC, the main crystallized impurity is K2CO3, whereas for the 
1100–25 T-HC, the crystallized impurities are CaO and CaCO3. These 
impurities, along with their distribution, are also evident in the EDX 
results (Fig. 1d). Indeed, the TEM-EDX image of the 1100–25 T-HC is in 
agreement with the XRD patterns and further indicates the distribution 
of impurities, showing the presence of CaO and CaCO3, which tend to 
form nanoclusters during pyrolysis, whereas K2CO3 is more uniformly 
distributed. This behavior is further supported by the SEM image in 
Fig. 1e, which shows aggregated CaO particles on the surface of the 
1000–25 HC, and by the corresponding EDX results in Fig. S4.

To further clarify the role of impurities in the Na+ storage mecha
nism in T-HCs, additional TEM and EDX analyses have been performed 
on the pristine T-HCs and on the sodiated 1100–25 HC (Fig. 2). The 

pristine T-HCs in Fig. 2a show that, as pyrolysis temperature increases, 
impurities become more aggregated. This observation is consistent with 
the XRD results, which indicate that higher temperatures promote the 
crystallization of the inorganic impurities. The results indicate that 
sodiated 1100–25 HC shows regions containing aggregated CaO impu
rities (Fig. 2b), which achieve a much lower Na insertion (9 at.%) 
compared with the particles with lower impurities or uniformly 
dispersed nano-sized impurities (Fig. 2c), which promote a more ho
mogeneous Na distribution and higher local Na concentration (27 at.%). 
The results reveal that the impurities themselves do not reduce the Na+

insertion, but their distribution can affect it. Uniformly distributed im
purities are more favorable for Na+ storage, whereas impurity aggre
gation leads to the formation of larger clusters and poorer Na-storage 
behavior (as confirmed below).

Overall, the pyrolysis temperature is found to affect the impurity 
content of HCs as well as their structure and distribution, with the size 
and the number of pseudographitic layers increasing with temperature. 
The effect of impurities, however, remains unclear. Some studies suggest 
that impurities contribute to irreversible capacity and reduced ICE [60], 
while others indicate that oxide impurities can stabilize the structure 
and enhance durability [61].

Further correlations between the impurities and the electrochemical 
performance of the hazelnut-shell-derived HCs were investigated. The 
atomic composition (at.%) of T-HCs, as determined by surface-sensitive 
XPS (Table S1), reveals the opposite trend: impurity content decreases 
with increasing temperature. This suggests that oxygen-containing 

Fig. 2. TEM-EDX elemental mapping of pristine T-HCs and sodiated 1100–25 T-HC. a. HAADF-STEM images and corresponding Ca elemental maps of pristine T- 
HCs carbonized at different temperatures (900–25, 1000–25, and 1100–25), showing the evolution of Ca-containing impurity distribution with increasing pyrolysis 
temperature. TEM image and EDX elemental maps (Na, Ca, and O) of a sodiated 1100–25 T-HC region b. with aggregated impurities., and c. with more uniformly 
dispersed impurities.
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species and potassium-rich compounds predominantly accumulate on 
the surface and diminish as terminal functional groups (C–O, carbon
ates) decompose at elevated temperatures, as shown in Fig. S2 and 
Table S1. In contrast, the at.% of T-HCs, as determined by EDX analysis, 
is summarized in Table 1. Although the carbon content is generally 
expected to increase with higher pyrolysis temperatures, the EDX results 
show similar elemental compositions across the samples. This apparent 
discrepancy arises because EDX probes a depth of approximately 1–3 
µm, capturing only a limited portion of the surface region. The slight 
decrease in carbon content with increasing temperature can be attrib
uted to the crystallization and aggregation of CaO and CaCO3 impurities 
at higher temperatures, leading to the formation of crystalline inorganic 
remnants within the HC bulk. These remnants slightly enhance the 
detected signal from residual inorganics, consistent with the XRD 
patterns.

3.2. The electrochemical performance of hard carbons

Fig. 3 illustrates the electrochemical performance of hazelnut shell- 
derived S-HC and T-HC samples, as well as the porosimetry studies of 
T-HCs. The galvanostatic experimental results, including first cycle 
voltage profiles, capacity against cycle number, and analysis of the ca
pacity contributions from each region (high-voltage slope and low- 
voltage plateau) of particle size-specific HCs (S-HCs) and temperature- 
specific HCs (T-HCs), are depicted in Figs. 3a-c. The first cycle voltage 
profiles at 0.02C, illustrated in Fig. 3a, show that the 1100–25 HC, i.e., 
the material with the smallest particle size, exhibits better reversibility 

among all S-HCs. Fig. 3b displays the proportions of HVC and LVC 
during the first sodiation (discharge) process, along with the corre
sponding ICE. Among the S-HCs, 1100–25 HC, with the smallest particle 
size, exhibits the best overall performance, delivering the highest ca
pacity in the low voltage plateau region (163 mAh g-1, totaling 332 mAh 
g-1) and an ICE of 78%. Considering the similar structural characteristics 
among the S-HCs (see Fig. S1), the performance differences are mainly 
attributed to their kinetic properties due to the particle size effect.

Fig. 3c illustrates the cycling stability over 200 cycles. Among all 
HCs, 1000–25 HC shows the most promising long-term cycling perfor
mance, delivering 256 mAh g-1 after 100 cycles with a capacity retention 
of 94.3% (see Table 2). Once more, the S-HC materials with a larger 
particle size perform very poorly. However, among the small particle 
size T-HCs, 1100–25 HC performs worse than those carbonized at lower 
temperatures.

To better understand these results, CV tests were performed on all S- 
HCs. The first four CV cycles, presented in Figs. 3d-f, highlight 1100–25 
HC as the material offering the best reversibility, in agreement with the 
capacity retention observed in the galvanostatic experiments. Moreover, 
the sharpness and intensity of its redox peaks indicate that the small 
particle size significantly enhances Na+ storage properties. Its high LVC 
results in improved ICE due to irreversibility mainly occurring in the 
sloping region (note that the solid electrolyte interphase (SEI)) forma
tion, resulting from electrolyte decomposition, occurs at 0.8 V vs. Na+/ 
Na) [62]. This suggests that smaller particle sizes enhance kinetic 
properties and extend the LVC region, thereby improving the overall 
electrochemical performance. Due to the excellent electrochemical 

Fig. 3. Electrochemical performance analysis of S-HCs and T-HCs. a. First sodiation (discharge)/ desodiation (charge) cycle at 0.02C. b. Deconvolution of the 
HVC and LVC capacities and ICE and. c. Long-term cycling performance at 0.1C of all HCs. CV plots recorded during the first four cycles of d. 1100–100, e. 1100–32 
and f. 1100–25 S-HCs. g. C-rate performance of T-HCs. Brunauer-Emmett-Teller (BET) measurements: h. Ar adsorption curves at 87 K, and i. Pore size distribution.
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properties, 1100–25 HC electrodes with mass loading of 5 mg cm-2 were 
tested in full cells (Fig. S5) using NVPF as cathode. The full cell delivers 
discharge capacities of 75 mAh gNVPF⁻¹ at 0.1C and 63 mAh gNVPF⁻¹ at 
1C, maintaining stable operation for over 500 cycles.

The influence of pyrolysis temperature on the electrochemical per
formance of T-HCs is shown in Figs. 3a-c and 3g As evidenced earlier, 
1000–25 HC exhibits the best electrochemical performance, both in the 
first cycle (Fig. 3a), where it delivers the highest ICE and largest ca
pacity, and in the low-voltage plateau region (Fig. 3b) and upon long- 
term cycling (Fig. 3c). In particular, 1000–25 HC exhibits an ICE 
exceeding 82% and demonstrates excellent long-term performance at 
0.1C, with a capacity of approximately 270 mAh g-1 over 200 cycles. In 
terms of rate capability, the 1000–25 material is also superior, showing 
157 and 67 mAh g-1 at 1C and 5C, respectively (Fig. 3g). Surprisingly, 
1100–25 HC outperforms 900–25 T-HC at high rates (from 1C and 
higher), but delivers lower capacity at lower rates. These results are in 
line with the CV results of T-HCs (Fig. S6), where 1100–25 delivers 
higher current density than 900–25 T-HC, and 1200–25 T-HC, indicating 
faster kinetics. In fact, 1200–25 T-HC exhibits a lower ICE compared 
with the other T-HCs, confirming that higher pyrolysis temperatures 
increase open porosity and deteriorate electrochemical performance. 
Therefore, as suggested in Fig. 3b, the high proportion of LVC contrib
utes to improved electrochemical performance at high rates, contrary to 
the typical understanding that HVC offers better kinetics. The contrib
uting factors to such a performance are explored later in this work.

The relationship between ICE and surface impurities was examined 
using XPS. Increasing temperatures reduce surface impurities (Fig. S2 
and Table S1) but do not necessarily increase ICE, suggesting that ICE is 
not strictly related to surface impurity content. Figs. 3h–i show the BET 
SSA and pore size distribution of T-HCs, measured using Ar adsorption, 
which is suitable for detecting micropores within the carbon structure. 
The adsorption isotherms reveal that 1100–25 HC exhibits the highest 
adsorption volume at relatively low pressure, indicating the largest SSA 
and a greater presence of open micropores compared to other T-HC 
samples. In contrast, 1000–25 HC shows the lowest SSA and limited 
micro-/mesoporosity (Table 1), yet it achieves the highest ICE. This 
inverse relationship confirms that a lower SSA, particularly with fewer 
exposed micropores, helps reduce irreversible capacity loss caused by 
extensive SEI formation, thereby enhancing ICE. In conventional HCs, 
higher pyrolysis temperatures generally promote the closure of surface 
pores. However, in biomass-derived HCs, impurities play an additional 
role in regulating pore evolution. At high pyrolysis temperatures, im
purities undergo crystallization and decomposition, as supported by the 
TEM results (Fig. 2a), while the coTGA–MS results in Fig. S3b indicate 
the release of CO₂. This process activates the carbon surface and gen
erates more open pores, significantly altering the structural properties of 
the HC material. To further investigate the materials’ porosity, CO₂ 
adsorption was used to complement Ar BET in probing ultramicropores 
(< 0.7 nm), which may not be fully accessible to Ar due to its larger 
kinetic diameter [63]. The CO2 adsorption isotherms (Fig. S7) reveal 
that the 1000–25 HC exhibits the highest SSA among all samples 
(Table 1), indicating a pore structure containing a larger fraction of 
ultramicropores. These ultramicropores are largely inaccessible to the 
electrolyte but can provide favorable confined environments for Na⁺ 
storage [28]. At lower temperatures, the impurities are more uniformly 
distributed (Fig. 2) and are associated with the formation of nanoscale 

pores and channels for Na⁺ transport [64]. Such a pore architecture 
effectively enhances Na⁺ diffusion within the carbon framework while 
limiting excessive electrolyte decomposition on the surface. Conse
quently, this combination of structural and morphological features not 
only yields high reversible capacity and improved reaction kinetics but 
also enhances the contribution from pore-filling capacity, as further 
elucidated by the theoretical investigation. Indeed, these evidences are 
supported by the CV results shown in Fig. S6, where 1000–25 HC de
livers the highest current density. Additionally, the reduced micro-/
mesoporosity and uniformly distribute impurities in 1000–25 HC 
contribute to the formation of a stable SEI, which significantly benefits 
the material’s ICE and long-term electrochemical performance [65,66].

The (de)sodiation kinetics of T-HCs were first investigated using EIS 
combined with distribution of relaxation times (DRT) analysis during CV 
at selected states of charge, (Fig. S8). The DRT evolution of 1100–25 T- 
HC (Fig. S8a–c) shows that the dominant relaxation process shifts from a 
high time constant peak (I, ~10² s at 2 V) to a lower time constant peak 
(IV, ~10⁻² s below 0.1 V) during sodiation (discharge), indicating a 
transition from slower surface-controlled processes to faster diffusion- 
related processes within the porous structure. This behavior also sug
gests that potential-driven charge storage processes play an important 
role during sodiation, consistently with previous reports [67]. The EIS 
spectra collected during the first four cycles (Fig. S8d) exhibit nearly 
identical impedance at 0.5 V and 0.1 V, suggesting stable interfacial 
behavior after the initial activation. Furthermore, comparison among 
different T-HCs (Fig. S8e) shows that 1000–25 exhibits the lowest 
impedance during both sodiation and desodiation, consistent with its 
superior electrochemical performance.

The (de)sodiation kinetics of the 1000–25 T-HC were further inves
tigated to discern diffusion-controlled from surface-controlled charge in 
the probed range of scan rates [68–70]. Therefore, CV tests were con
ducted at scan rates (ν) of 0.05, 0.1, 0.2, 0.5, and 1 mV s-1, as shown in 
Fig. 4a. The CV response at a scan rate of 0.5 mV s-1 is fitted as an 
example (Fig. 4b) to distinguish between the processes occurring in the 
HVC and the LVC regions. The relationship between log (I) and log (ν) 
for these processes is presented in Fig. 4c, based on (Eq. (1)) proposed by 
Lindström et al., which is used to differentiate surface-controlled from 
diffusion-controlled kinetics: 

I(v) = avb (Eq. 1) 

where I is the peak current, ν is the scan rate, b is the slope of the log (I) 
vs. log (ν) plot, and a is the intercept. Therefore, the b value is used to 
determine the kinetics of the charge storage process in 1000–25 HC. The 
b value serves as an indicator of the rate-limiting process: for a revers
ible, semi-infinite diffusion-controlled process, b ≈ 0.5 [71]. In the case 
of 1000–25 HC, the region I, related to the LVC process, has a slope (b₁) 
of 0.4, consistent with diffusion-controlled behavior for reversible sys
tems (typically around 0.5). The slightly lower b value is due to 
increased polarization at higher scan rates, which also reduces the peak 
current near the vertex potential. In contrast, a b value close to 1 in
dicates that region II, related to the HVC process, is not limited by 
semi-infinite diffusion, but rather exhibits surface-controlled kinetics.

Fig. 4d presents the 10th sodiation (discharge)/desodiation (charge) 
voltage profiles for all studied HCs, providing insight into the sodiation 
mechanism from a thermodynamic perspective. An enlarged view of the 
low-voltage region shows that the S-HC with the smallest particle size (i. 

Table 2 
Comparison of specific capacity, ICE, average CE and capacity retention of S-HC and T-HC electrodes in half-cell configuration.

HC sample 1st sod. (mAh g-1) 1st desod. (mAh g-1) ICE (%) 2nd desod. (mAh g-1) ηCE (%) 100th desod. (mAh g-1) Capacity retention (%) (100th vs. 1st cycle)

1100–100 346 155 45.0 130 99.8 - -
1100–32 340 235 69.1 173 99.5 - -
1100–25 332 259 78.1 248 99.7 217 85
1000–25 336 277 82.0 272 99.9 256 93
900–25 341 265 77.9 257 99.7 244 93
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e., 1100–25) exhibits reduced overpotentials, which can be attributed to 
improved kinetics, as demonstrated in the CV (see Fig. 3f). Additionally, 
the data reveal that pyrolysis temperature significantly influences the 
plateau potential: lower pyrolysis temperatures yield higher plateau 
voltages. The reaction process firstly proposed as A↔B↔C, where A↔B 
represents the sloping voltage surface-controlled process, in which Na⁺ is 
stored by chemisorption on HC, while B↔C corresponds to the diffusion- 
controlled process, occurring during the low voltage plateau, in which 
Na⁺ is first inserted in the graphitic domains and, later, contributing to 
the generation of Na clusters. This relationship shows that these pro
cesses are not independent reactions but transform into one another 
during sodiation and desodiation. This interpretation aligns with pre
vious operando ss 23Na NMR studies, which showed that Na⁺ in the 
sloping region gradually transitions into a metallic state as the plateau 
progresses. The signal corresponding to Na⁺ decreases, while the Na0 

(metallic) signal increases and remains stable throughout the plateau 
region [39], supporting the mechanism of Na⁺ chemisorption followed 
by metallic Na cluster formation.

The Na+ storage mechanism in hazelnut shell-derived HC can be 
interpreted using thermodynamics, as schematically illustrated in 
Fig. 4e. This diagram illustrates the relationship between the Gibbs free 
energy and the Na+ concentration (X(Na+)) in HC, representing the 
evolution of Na's chemical potential during sodiation. At low Na+ con
centrations, Na+ are chemisorbed onto defects, corresponding to the 

sloping voltage region of the voltage profile. This corresponds to the 
curves on the left side of the Gibbs free energy profile, where Na+ is 
stabilized in specifically adsorbed states (Na+ chemisorption). Each 
colored curve in Fig. 4e represents a different HC material synthesized at 
a specific pyrolysis temperature (900–25 (light blue), 1000–25 (green), 
and 1100–25 (black)). The Na+ chemisorption curves differ based on 
structural disorder and defect density induced by pyrolysis. Higher py
rolysis temperatures (e.g., 1100 ◦C – black line) lead to more graphitized 
domains and fewer defect sites, thereby shifting the chemisorption curve 
downward to a lower Gibbs free energy state. As the Na+ concentration 
increases, the system undergoes a phase transformation in which Na+

begins to form quasi-metallic Na clusters associated with the low voltage 
plateau. The tangent dots lines between the Na+ chemisorbed curves and 
the Na clusters curve (solid purple curve) mark the phase equilibrium 
between chemisorbed Na+ and Na clusters. The intersection points 
(tangency points on the Na+ chemisorption curves) indicate the Na 
concentration at which the system transitions from defect chemisorption 
to Na cluster formation. Below the plot, the bar graphs illustrate the 
capacity contributions from Xa (HVC), i.e., Na+ chemisorption at defects 
in HC and Xb (LVC), i.e., Na cluster formation. The 900–25 HC, with 
higher defect concentration, has a broader HVC (Xa) and a smaller LVC 
region (Xb). The 1000–25 HC shows a better balance, with a higher LVC 
(Xb) due to the greater presence of pseudographitic domains. The 
1100–25 HC shows a larger potential drop below the cut-off voltage, 

Fig. 4. Kinetic and thermodynamic analysis of (de)sodiation processes. a. CV curves for 1000–25 HC at different scan rates (0.05, 0.1, 0.2, 0.5, and 1 mV s-1). b. 
Fitting results of the charge storage processes and c. calculated b value at the peak position by the relationship between log (I) vs. log (v). d. 10th galvanostatic 
sodiation (discharge) and desodiation (charge) curves. e. Schematic illustration of the thermodynamic analysis for Na+ storage in T-HCs. f. First derivative results 
(dC/dV) from the galvanostatic cycling curve results of part d. g. Summary of dC/dV peak position and intensity corresponding to the results presented in panel f.
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reducing the effective LVC observed during cycling. This thermody
namic model aligns well with the galvanostatic profiles (Fig. 4d) and 
explains that increased graphitization promotes Na cluster formation at 
lower voltages, thereby extending the LVC. In contrast, lower temper
atures favor Na+ chemisorption at defects, thereby improving the 
sloping region but limiting overall capacity.

Fig. 4f presents the differential capacity curves (dC/dV) corre
sponding to the voltage profiles in Fig. 4d, offering new insights into the 
Na+ storage mechanism. The potential peak could be taken as the re
action's potential in the plateau region. The difference in peak potential 
between sodiation and desodiation processes indicates the overpotential 

needed for the reactions, with a smaller difference signifying better ki
netics. The HC with smaller particle sizes (1100–25 HC) exhibits 
increased peak intensity and reduced peak potential difference between 
sodiation and desodiation (see Fig. 4g), suggesting enhanced kinetics, as 
also observed with the CV experiments (see Fig. 3). The peak intensity is 
inversely related to the rate of potential change in the plateau region, 
while the area under the peak reflects the charge contribution of that 
region. Therefore, a higher intensity and larger area under galvanostatic 
conditions suggest slower potential variation, improved reaction effi
ciency, and increased LVC.

Regarding the effect of pyrolysis temperature, both the peak 

Fig. 5. Ex-situ Raman and Operando XRD of 1000–25 T-HC, illustrating the structural evolution and Na-storage mechanism during (de)sodiation. a. Ex-situ 
Raman spectra collected at different voltages. b. Schematic illustration of the electron-transfer process during sodiation. c. Raman analysis showing the structural 
evolution of HC, where the solid red squares represent the intensity ratio (AD/AG) and the open circles denote the position of the G-band shift at corresponding states 
of charge (SOC). d. Selected XRD patterns focusing on the (002) reflection and the corresponding deconvolution at different states of charge. e. Intensity of the (002) 
peak during the first sodiation (discharge) and desodiation (charge) cycle. f. Schematic of the sodiation mechanism.
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intensity and area increase with temperature, indicating a greater ca
pacity contribution from the plateau region. However, for T-HCs, 
increasing temperature also decreases peak potential, while the differ
ence in peak potential between sodiation and desodiation increases with 
temperature, indicating a larger overpotential induced by higher py
rolysis temperature. Indeed, 900–25 HC and 1000–25 HC are the only 
two materials that exhibit a complete peak upon sodiation, suggesting 
that sodiation is not fully completed in the other HCs, consistent with the 
analysis in Fig. 4e. This incomplete sodiation process limits capacity, 
explaining why higher temperatures fail to improve specific capacity in 
1100–25 HC despite increasing the LVC proportion.

3.3. Evolution of pseudographitic domains during electrochemical cycling

Ex-situ Raman spectroscopy was performed to investigate the 
structural evolution of 1000–25 HC during sodiation and desodiation 
(Fig. 5a-c). The Raman spectrum of 1000–25 T-HC can be deconvoluted 
into five components (Fig. 5a). The G-band (1560–1580 cm⁻¹) originates 
from the in-plane vibration of sp² C–C bonds, whereas the D-band 
(1320–1340 cm⁻¹) corresponds to defects or edge sites of graphitic do
mains [72,73]. During sodiation, the G-band gradually red-shifts and 
decreases in intensity. As schematically illustrated in Fig. 5b, this 
red-shift is associated with electron transfer from Na to the π anti
bonding orbitals of carbon, which weakens the C–C bonds and conse
quently increases the Fermi energy (EF) of HC [74,75]. The intensity 
decreases of the G-band and concurrent increase of the D₃-band 
component indicate for an increasing structural disorder, consistent 
with Na insertion and the partial disruption of pseudographitic domains. 
Interestingly, as shown in Fig. 5c, the G-band evolution differs between 
the two voltage regions. In HVC, the G-band exhibits a pronounced 
red-shift, implying that electrons fill the π* orbitals and raise the Fermi 
level. In contrast, the G-band position in LVC does not show such a 
significant shift, while its intensity changed markedly. This behavior 
suggests that HVC correlates with electron transfer from Na to HC π* 
orbitals; however, in LVC, the electron transfer from HC to the Na 
clusters formed in HC with increased structural disorder.

In addition, operando X-ray diffraction (XRD) was performed to 
corroborate the structural changes observed in 1000–25 HC by Raman 
spectroscopy during the first (de)sodiation cycle. Previous operando XRD 
studies on HC anodes in SIBs have reported conflicting interpretations of 
the structure-performance relationship, which can largely be attributed 
to differences in HC microstructure among studies and to the intrinsi
cally amorphous nature of HC that complicates signal identification and 
analysis [76]. Figs. 5d and 5e present the evolution of the (002) 
reflection at different states of charge. The deconvoluted reflection at 
around 20◦ 2θ-degrees corresponds to the amorphous HC, while the one 
at around 25◦− 26◦ 2θ-degrees corresponds to the ordered pseudogra
phitic domains [77–80]. During the first sodiation process, the overall 
intensity of the (002) reflection decreases continuously (Fig. 5e), which 
is attributed to increasing Na+ concentration within the carbon matrix. 
Simultaneously, the relative contribution of the ordered pseudogra
phitic component decreases (Table S2), while the amorphous contribu
tion increases. Notably, the amorphous fraction rises from ~45% to 
~66% in the low-voltage plateau region (0.1–0.02 V; Fig. 5e, regions C 
and D), indicating progressive disordering of pseudographitic domains. 
This transformation is attributed to the formation of Na clusters within 
pores adjacent to pseudographitic layers, which disrupts local structural 
ordering.

The schematic in Fig. 5f summarizes this mechanism. In the high- 
voltage sloping region, Na+ storage is dominated by chemisorption at 
defect sites. At lower voltages, diffusion-controlled Na clustering occurs 
within pores associated with pseudographitic domains, leading to 
reversible structural disordering. While pseudographitic domains are 
essential for accommodating Na clusters and improving low-voltage 
plateau capacity, excessive graphitization at higher temperatures re
duces defect density and adsorption capacity. These results highlight 

that the balance between pseudographitic ordering and defects is critical 
for designing high-performance HC anodes for SIBs.

3.4. Theoretical investigation of porous regions in hard carbon

To shed light on Na storage in porous HC, we employed first- 
principles simulations based on DFT, including AIMD and analyses of 
charge density and electronic structure. This framework enables direct 
examination of Na-carbon interactions across curved graphene frag
ments and nanoporous domains.

Amorphous carbon frameworks have been generated using a mo
lecular dynamics simulation implemented in LAMMPS. An initially 
random carbon arrangement was constructed with Packmol, melted at 
3000 K, annealed, and then quenched to 300 K to form a densified sp²/ 
sp³ network resembling experimentally observed HC microstructures. 
By adjusting the simulation cell volume, two carbons with distinct and 
experimentally relevant bulk densities were obtained. These structural 
models were subsequently relaxed with DFT and evolved through AIMD 
at 300 K for 15 ps, ensuring that the local bonding environments and 
pore geometries reached thermodynamically representative 
configurations.

The local coordination environment of Na within HC was resolved by 
evaluating the C–Na and Na–Na radial distribution functions for amor
phous HC with bulk densities of 1.69 g cm⁻3 (low-porosity, high-density) 
and 1.32 g cm⁻3 (high-porosity, low-density), as shown in Fig. 6a–b. The 
porosity defined in these models reflects Na-accessible pores, beyond the 
open microporosity probed by Ar-SSA, consistent with CO₂-SSA mea
surements that capture ultramicroporous domains relevant to Na⁺ stor
age. The C–Na RDFs show a pronounced first-shell peak at ~2.8–3.0 Å 
for both HCs, consistent with Na residing in proximity to disordered 
carbon motifs. Notably, the peak is sharper and more intense in the low- 
porosity HC, reflecting a tighter, more uniform local coordination 
environment imposed by the compact matrix. In contrast, the broader 
and attenuated peak in the high-porosity HC indicates greater structural 
heterogeneity and a wider distribution of Na–C distances, consistent 
with the presence of larger voids and more open pore channels. The 
Na–Na RDFs further distinguish how host density governs the spatial 
arrangement of Na. The high-porosity HC exhibits a more prominent 
first Na–Na correlation at ~3.5 Å, signifying enhanced ion–ion associ
ation and the onset of small Na-rich domains within the enlarged pore 
network. By comparison, the low-porosity HC largely suppresses Na–Na 
correlations, indicating that Na remains more isolated and preferentially 
stabilized by the carbon framework rather than by neighboring Na 
atoms.

The low-porosity (high-density) HC exhibits stronger and more 
localized charge redistribution around Na, indicative of enhanced Na–C 
electronic coupling under spatial confinement. In contrast, the high- 
porosity (low-density) HC shows more diffuse and weaker charge rear
rangement, reflecting reduced confinement and weaker host–guest in
teractions in larger pore environments. These electronic trends correlate 
with the density-dependent Na coordination and clustering behavior 
observed in the RDF and diffusivity analyses.

Beyond structural analysis, AIMD simulations enable direct quanti
fication of Na mobility within HCs of different densities. We extracted 
self-diffusion coefficients of 5.17 × 10⁻7 m2 s-1 for the denser carbon and 
5.05 × 10⁻6 m2 s-1 for the lower-density carbon from the mean squared 
displacement of Na atoms. The nearly order-of-magnitude increase in 
diffusivity in the less-dense structure underscores the pivotal roles of 
free volume and pore connectivity in regulating Na transport. In low- 
porosity HC, Na diffusion is strongly constrained by the compact car
bon framework and the prevalence of smaller, isolated micropores. Na 
atoms preferentially occupy energetically favorable sites near curved 
graphene fragments and defects, where strong Na–C interactions stabi
lize isolated ions and suppress long-range motion. Consequently, Na 
insertion occurs through the sequential filling of small pores with 
limited Na–Na interactions and minimal clustering. In contrast, the 
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significantly higher diffusivity observed in high-porosity HC reflects the 
presence of larger, more interconnected nanoporous domains. These 
expanded pores provide sufficient space for Na atoms to migrate more 
freely and explore a broader configurational landscape. Once the pri
mary adsorption sites are occupied, additional Na can enter these larger 
voids, where Na–Na interactions become increasingly favorable. This 
transition facilitates the formation of Na-rich regions and local clus
tering, which is consistent with the enhanced Na–Na correlations 
observed in the RDF analysis.

Together, diffusivity trends and structural correlations reveal a clear 
porosity-dependent Na-storage mechanism. Low-porosity HC favors 
localized, defect- and surface-dominated Na storage with limited 
mobility, corresponding to enhanced HVC. By contrast, high-porosity 
HC promotes pore filling, followed by Na clustering in larger cavities, 
thereby increasing LVC. The ex-situ SAXS results (Fig. S10) provide 
direct evidence for this pore-filling process. During sodiation, the scat
tering intensity in the microporous region decreases due to the reduced 
electron-density contrast between the carbon matrix and the nanopores. 
Upon desodiation, the scattering intensity partially recovers, indicating 
reversible nanopore occupation. Combined with the SAXS results, this 
atomistic picture explains the electrochemical behavior shown in Fig. 3
and the structural observations in Fig. S9. Specifically, the 900–25 HC 
sample exhibits a higher bulk density and lower nanoscale porosity, as 
indicated by CO2-BET measurements probing micropores. As a result, 
900–25 HC delivers a higher HVC dominated by surface/defect-related 
Na⁺ adsorption, but a suppressed LVC due to incomplete Na-cluster 
formation within the limited pore volume. In contrast, 1000–25 HC 
shows a higher micropore volume and overall porosity, as determined 
by CO2-BET analysis, corresponding to a lower bulk density. This more 

open pore structure reduces the contribution from HVC but strongly 
facilitates Na filling and clustering, resulting in a significantly enhanced 
LVC.

To gain insight into the electronic response of the HC host upon Na 
insertion, the charge-density difference for both HC densities has been 
analyzed, as shown in Fig. 6c-d. The charge-density difference highlights 
regions of charge accumulation and depletion induced by Na incorpo
ration. This analysis provides a complementary electronic perspective 
on the structural information obtained from the RDFs, allowing direct 
assessment of how confinement and pore topology influence Na–carbon 
interactions.

In low-porosity HC (1.69 g cm-3; Fig. 6c), the charge-density differ
ence maps reveal stronger and more localized charge rearrangements 
around Na atoms. The compact carbon framework forces Na into close 
proximity to surrounding carbon sites, thereby enhancing Na–C elec
tronic coupling. Pronounced charge accumulation adjacent to Na atoms, 
accompanied by clear charge depletion at the Na centers, indicates 
significant electron transfer from Na to nearby carbon π-like states or 
defect-associated orbitals. This behavior reflects a higher degree of Na 
ionization under spatial confinement. In addition, the surrounding car
bon network exhibits stronger polarization, consistent with intensified 
electrostatic interactions and local hybridization in tightly confined 
environments. This electronic response is fully consistent with the ex- 
situ Raman results in Fig. 5a, where the G-band redshifts in the LVC 
region indicate filling of the carbon π* orbitals. These electronic features 
align with the RDF analysis, which shows a sharper, more intense first- 
shell Na–C coordination peak in the dense carbon, confirming stronger, 
more localized Na–C interactions. Together, these observations indicate 
that Na is more strongly bound and electronically coupled to the host 

Fig. 6. Radial distribution functions and charge density differences induced by sodium insertion in HC with different bulk densities. a. C–Na and b. Na–Na 
RDFs extracted from AIMD trajectories for HC structures with bulk densities of 1.69 g cm⁻3 (Fig. S9a, lower porosity) and 1.32 g cm⁻3 (Fig. S9b, higher porosity). 
Charge density difference maps induced by Na insertion in HC with bulk densities of c. 1.32 g cm⁻3 (high-porosity) and d. 1.69 g cm⁻3 (low-porosity). Charge 
accumulation and depletion regions are shown in yellow and blue, respectively.

S. Zhang et al.                                                                                                                                                                                                                                   Energy Storage Materials 88 (2026) 105091 

11 



framework in compact pore structures. These electronic features are 
consistent with the RDF results, which show a stronger and more well- 
defined first-shell Na–C coordination peak in the dense carbon. 
Together, they indicate that Na is more strongly bound and electroni
cally coupled to the host when confined within compact pore structures.

In contrast, high-porosity HC (1.32 g cm-3; Fig. 6d) exhibits more 
diffuse and weaker charge redistribution upon Na insertion. The larger 
free volume and more open pore network allow Na atoms to reside 
farther from the carbon walls, reducing direct Na–C overlap. As a result, 
the charge-density difference maps show reduced charge transfer, 
broader and less localized accumulation regions, and a weaker overall 
polarization of the carbon framework. These features indicate a weaker 
bound Na environment with diminished electronic confinement. This 
behavior aligns with the broader and lower-intensity Na–C coordination 
peaks observed in the RDFs, as well as the enhanced Na–Na correlations 
in the high-porosity structure. Once the primary adsorption sites are 
occupied, the larger pores can accommodate multiple Na atoms with 
relatively weak host interactions, facilitating Na–Na association and 
clustering rather than strong Na–C bonding.

Taken together with the RDF and diffusivity analyses, the charge- 
density difference results demonstrate that Na storage in HC is gov
erned by a strong coupling between geometric confinement and the 
strength of electronic interactions. Low-porosity HC promotes localized 
Na storage characterized by strong Na–C binding, enhanced charge 
transfer, and limited Na mobility. In contrast, high-porosity HC supports 
weaklier bound and mobile Na, enabling pore filling and the emergence 
of Na-rich clusters within larger cavities. These porosity-dependent 
electronic responses have direct implications for the Na storage 

mechanism and voltage behavior. Stronger polarization and charge 
transfer in low-porosity HCs favor higher-potential, adsorption-domi
nated storage, whereas weaker host–guest interactions in high-porosity 
HCs support clustering and metallic-like Na behavior at deeper sodiation 
levels, contributing to plateau formation.

3.5. Strategies for maintaining high-rate capacity

To understand the contributions of HVC and LVC at different current 
densities, additional rate capability tests and analyses were conducted 
(Fig. S11a). The proportions of HVC and LVC under different current 
densities are also illustrated (Fig. 7a-c).

First, focusing on the HVC region (orange bars), it is observed that its 
contribution remains relatively stable across different current densities. 
In contrast, the LVC region (blue bars) is almost completely depleted at 
high current densities, leading to a rapid decline in capacity, as observed 
in Fig. 3e, and indicating that the LVC's contribution limits rate per
formance. When comparing 900–25, 1000–25, and 1100–25 HCs, the 
material carbonized at 1000 ◦C provides the highest LVC contribution at 
all current densities. This observation is consistent with the improved 
rate performance and lower impedance of 1000–25 HC and suggests that 
maintaining LVC capacity is crucial for delivering high-rate 
performance.

Fig. 7d illustrates the thermodynamic model based on Gibbs free 
energy theory. When examining rate performance, the process deviates 
from thermodynamic stability due to kinetic factors during sodiation 
and desodiation. At higher current densities, the reactions proceed more 
rapidly, accompanied by increased polarization. These result in a 

Fig. 7. Rate-capacity analysis and mechanism of (de)sodiation processes at high rates. a-c. Calculated capacity of the sloping (HVC) and low voltage plateau 
(LVC) regions at different C-rates of T-HCs. d. Analysis of the influence of (de)sodiation rates based on the Gibbs free energy of HC. e. Voltage profiles of 1100–25 T- 
HC at different current densities and influence of lower cut-off voltages, corresponding to the analysis in part d. f. Applying a current density at 1C (DC) and 1C (CC) 
below 0 V vs. Na+/Na. g. Schematic representation of the Na state during the processes shown in part f, with a particular focus on the Na stable state.
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sodiation/desodiation curve (high-current-density light-orange-dot 
curves) that significantly deviates from the thermodynamic curve 
(low-current-density gray-dot curve). The diverging curve (orange-dot 
lines) at high current densities (such as 1C) exhibits a larger over
potential than at lower current densities (0.1C, see black-dot line), 
resulting in lower capacity due to the lower voltage of LVC falling below 
the cut-off voltage (see the light purple-dot line with respect to the 
orange-dot line in Fig. 7d). To further investigate this behavior, 
following this protocol, 1100–25 HC, exhibiting a low capacity contri
bution in the low voltage plateau at 1C (green line); sodiated (dis
charged) to 0.02 V at 0.1C and then desodiated (charged) at 1C (green 
dotted line in Fig. S11b). 1100–25 HC delivers a desodiation capacity of 
around 240 mAh g-1, which is slightly lower than that observed at 0.1C 
(253 mAh g-1, blue line), indicating that high current densities do not 
inhibit desodiation.

The same protocol was applied for desodiation (charging) at 
different current densities, but with the cut-off voltage lowered to − 0.01 
V vs. Na⁺/Na (Fig. 7e). The results show a similar trend to that above, 
with the delivered capacity under 1C sodiation (discharge) and 10C 
desodiation (charge) conditions (yellow dot line) exceeding that ob
tained when cycling continuously at either 10C (brown line) or 1C 
(green line). Specifically, decreasing the cut-off voltage during sodiation 
at high current to − 0.01 V vs. Na⁺/Na led to a notable improvement: for 
example, 1100–25 HC, which originally delivered 21 mAh g⁻¹ on the low 
voltage plateau at 10C, increased to 150 mAh g⁻¹ when sodiated at 1C 
and desodiated at 10C. This indicates that higher rates require lower 
potentials for effective sodiation on the low-voltage plateau. The larger 
plateau region in 1100–25 HC reflects superior sodiation kinetics, as also 
supported by the CV results. Consequently, a lower overpotential is 
needed, enabling greater capacity retention at high current densi
ties—explaining why a higher LVC proportion leads to improved rate 
performance.

The thermodynamic model depicted in Fig. 7d also suggests that at 
higher rates, the low voltage plateau occurs at a potential below that of 
metallic Na (red dot line), as observed in Fig. 7f. To investigate the 
formation of Na species at this low potential of − 0.01 V vs. Na+/Na, the 
1100–25 HC was sodiated at 0.1C for 15 h, as shown in Fig. S11c. During 
sodiation, the plateau process (stage 2) occurs, followed by the forma
tion of metallic Na (stage 3), as outlined in the scheme of Fig. 7d Fig. 7f 
shows similar results when discharged and charged at 1C. In this case, 
the contribution of the short, low-voltage plateau (stage 2) increases 
during the charging process. This suggests that metallic Na (stage 3) 
formed within the HC structure may transform from Na clusters back to 
Na⁺ upon desodiation, showing a reversible process. This is consistent 
with the thermodynamic model (Fig. 7d), where at fast sodiation rates 
(e.g., 1C), Na clustering occurs at a lower potential, leading to a 
decreased specific capacity of HC. This behavior highlights the kinetic 
and thermodynamic dynamics of Na storage in HC, where faster sodia
tion rates favor the formation of metallic Na over Na clusters, decreasing 
the overall capacity and efficiency of the storage process.

4. Conclusion

This work systematically investigated the sodiation and desodiation 
behavior of hazelnut shell–derived HC synthesized via a sustainable 
route, with the aim of elucidating its Na storage mechanism and struc
ture–performance relationships for SIBs. Comprehensive analyses of 
structure, morphology, composition, impurity distribution, electro
chemical performance, structural evolution, and theoretical simulations 
lead to the following conclusions: 

i. Smaller HC particles exhibit enhanced Na⁺ transport kinetics, 
resulting in higher specific capacity and improved long-term 
cycling stability. The shortened diffusion pathways and 
increased electrochemically active interfaces also promote a 

higher contribution from the low-voltage plateau capacity during 
sodiation (discharge).

ii. Higher pyrolysis temperatures induce crystallization and aggre
gation of inorganic impurities, which increase the SSA and pro
mote thicker SEI formation, thereby hindering the sodiation 
process. In contrast, uniformly distributed impurities achieved by 
lower pyrolysis temperature regulate pore formation within the 
carbon framework and contribute to improved reversible Na 
storage.

iii. Among the studied HC samples, 1000–25 HC exhibits the best 
overall electrochemical performance, delivering a capacity of 270 
mAh g⁻¹ at 0.1C and maintaining stable cycling for over 200 cy
cles. This superior behavior originates from its optimized pore 
structure, which provides higher internal porosity to support Na 
clustering while limiting excessive surface-accessible porosity, 
thereby maximizing the low-voltage plateau contribution.

iv. The Na+ storage mechanism proceeds via two distinct regimes. 
The sloping region is governed by chemisorption-controlled ki
netics, associated with Na+ chemisorption at defect sites. In 
contrast, the low-voltage plateau is dominated by diffusion- 
controlled Na clustering within pores adjacent to pseudogra
phitic layers, accompanied by reversible structural disordering of 
the pseudographitic framework. Metallic-like Na clusters form 
reversibly during deep sodiation and transform back upon 
desodiation.

Overall, this work provides design guidelines for biomass-derived HC 
anodes, demonstrating that impurity distribution controls the pore 
structure of HCs and offers a simple, sustainable strategy for HC syn
thesis. The combined kinetic and thermodynamic analyses provide 
mechanistic insight into Na+ storage in biomass-derived HCs and 
establish a practical framework for designing high-performance hard 
carbon anodes for next-generation sodium-ion batteries.
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