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Abstract

Hard carbons (HCs) are promising sodium-ion battery anodes but suffer capacity loss at
high rates due to tortuous Na* pathways. Here, a zeolite-templated carbon (ZTC) was
introduced as a conductive, mesoporous additive (10 wt%) to a hazelnut-derived hard
carbon (HEZ) to improve Na* transport and rate performance. Structural and porosity
analyses show complementary architectures: a microporous HEZ and a highly ordered
ZTC with interconnected mesopores. Electrodes containing ZTC exhibit increased appar-
ent ionic diffusion coefficients (from ~3.5 - 10710 to ~16 - 1071Y em?-s~! Cathodic) and
enhanced rate capability. Galvanostatic intermittent titration technique (GITT) analysis
indicates accelerated Na* transport in the low-voltage plateau region, and galvanostatic
cycling demonstrates a sustained plateau capacity of ~100 mAh-g~! for the ZTC-containing
electrode after 50 cycles at 50 mA-g~! (vs. ~30 mAh-g~! for pristine HC). Although the ZTC
increases the electrode surface area and lowers initial Coulombic efficiency, the addition
markedly improves high-rate storage and capacity retention. These results demonstrate
that a minor fraction of templated mesoporous carbon can effectively alleviate kinetic
limitations in bio-derived HC anodes for sodium-ion batteries.

Keywords: sodium-ion batteries; hard carbon; zeolite templated carbon; bio-waste; sodium
diffusion; additive

1. Introduction

Lithium-ion batteries represent a pivotal technology of the current century, serving
as the primary energy storage solution for portable electronics and electromobility [1].
However, the relative scarcity of lithium resources in the Earth’s crust and their uneven
geographical distribution pose complex challenges to the long-term scalability of electrical
energy storage systems [2,3]. Consequently, sodium-ion batteries (SIBs) have garnered
significant research interest as a compelling alternative to the lithium-ion paradigm. The
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primary advantage of sodium lies in its high natural abundance, approximately 1000-fold
greater than that of lithium, which ensures enhanced sustainability and cost-effectiveness.
Moreover, sodium is a particularly attractive candidate due to its chemical proximity to
lithium in the periodic table, resulting in the smallest ionic radius among alkali metal
cations after lithium itself [4,5]. Nevertheless, for SIBs to achieve the commercial viability of
established lithium-based technologies, several technological hurdles must be addressed [6].
The primary constraints of sodium relate to its higher reduction potential and larger ionic
radius compared to lithium (—2.71 V vs. SHE and 0.102 nm for Na* contrasted with
—3.04 V vs. SHE and 0.076 nm for Li*). These intrinsic properties often result in lower
energy densities and more sluggish diffusion kinetics, which can hinder effective reversible
intercalation within traditional electrode materials [5-7].

Hard carbons (HCs) have emerged as the leading anode materials for SIBs, demon-
strating superior performance compared to ordered carbons, such as graphite, or other
disordered varieties like soft carbons [8,9]. To overcome their kinetic limitations, non-
structural optimization strategies such as heteroatom doping (e.g., N, P, S) and chemical
surface modifications have been widely employed to adjust interlayer spacing and surface
reactivity, though frequently at the expense of synthetic complexity or elevated initial
capacity loss [10,11]. Concurrently, structural design strategies targeting the reduction
in tortuosity have gained attention. For instance, Bhawana et al. [12] investigated HCs
derived from potato peels, achieving optimal performance at a synthesis temperature of
900 °C due to a high volume of closed pores and low tortuosity facilitated by channel-like
structures. Xu et al. [13] demonstrated high performance and improved initial Coulombic
efficiency (ICE) using wood biomass, leveraging its natural anisotropic characteristics to
create self-supporting, low-tortuosity HCs. Furthermore, Wu et al. [14] emphasized the
importance of surface tortuosity, confirming that a lower surface tortuosity effectively
improves both electrochemical performance and ICE.

Alongside structural design, using additives offers another effective route to enhance
hard carbon electrochemical performance. The most used additives include

1.  Conventional Carbon Blacks (Super P, Ketjen black), which provide excellent electronic
conductivity but minimal ion-transport enhancement due to low specific surface area
(SSA) and limited, disordered porosity [15].

2. Activated Carbons, which offer high SSA but suffer from poorly controlled, hetero-
geneous pore distributions and elevated surface-defect densities that trigger severe,
irreversible electrolyte decomposition [16,17].

3. Broadly Templated Mesoporous Carbons, commonly synthesized via hard or soft-
templating methods; these materials are widely explored as anodes [18-20]. However,
they exhibit broad pore distributions and high tortuosity indices, rendering them
suboptimal for rapid ion transport.

In this study, we investigate the effect of incorporating a mesoporous carbon called
Zeolite-Templated Carbon (ZTC) as a functional additive within a bio-derived hard carbon
anode from hazelnut shells (HEZ), with the primary objective of mitigating Na* trans-
port limitations at the carbon particle interface during electrochemical cycling. ZTCs
constitute a class of highly ordered, three-dimensional micro- and mesoporous carbons pro-
duced through the nanocasting of zeolite frameworks, characterized by uniform nanopores
(<2 nm), developed microporosity (1.7 cm?-g~1), and very large surface areas (up to
~4000 m?-g~1) [21,22]. ZTCs were first synthesized in 1997 by Kyotani et al. via a hard-
casting strategy using aluminosilicate zeolite templates [23]. Although ZTC materials have
demonstrated success in electrical double-layer capacitor applications [24], their implemen-
tation as functional additives in alkali-metal-ion battery anodes remains limited. Recent
explorations in Li-O; batteries conducted by Hayat et al. [25] proved that hierarchical
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ZTC structures provide superior mass transport of lithium ions compared to conventional
microporous carbons, with RHO-type ZTC enhancing Li* diffusivity by approximately
44% over non-hierarchical ZTC electrodes. In potassium-ion batteries, Romain et al. [26]
showed that ordered ZTC micropores effectively accommodate larger potassium dual-ions,
providing high reversible capacity and fast insertion/extraction dynamics. Additionally,
Tan et al. [27] conducted a study controlling the particle size of ZTC for use as an anode
in SIBs. They revealed that the ZTC with a particle size of 10 nm exhibited the highest
first discharge capacity of ~2116 mAh-g~! at a current density of 0.1 mA-g~!. At the same
current density, the ZTC with a 70 nm particle size showed a better reversible capacity
of 180 mAh-g~ 1.

Building upon these insights, incorporating ZTC into the HEZ matrix establishes a
strategic design based on hierarchical pore complementarity. This approach represents
the central novelty of the present work: rather than modifying the native HC precursor or
altering synthesis conditions, which inevitably changes the intrinsic microstructure, we
introduce a well-defined mesoporous carbon phase as a geometrically distinct additive to
lower the effective ionic tortuosity of the composite electrode. This dual-phase architecture
achieves performance enhancements through three primary mechanisms:

1.  Geometric Precision and Tortuosity Control: The zeolite framework yields a precise
pore geometry with uniform micropores and interconnected mesopores, minimizing
pore-size distribution width relative to broad soft/hard-templated carbons [21,22].
Reductions in pore tortuosity by an order of magnitude have been shown to enhance
ionic diffusion rates by 2-3 orders of magnitude [28].

2. Hierarchical Structural Preservation: Unlike post-synthesis activation or chemical
etching routes that sacrifice capacity-bearing micropores [21,22], the ZTC additive
strategy explicitly preserves the native HC micropore structure (0.9 nm, 54 m?-g~! in
our HEZ) responsible for high gravimetric storage in the sloping low-voltage regime,
while introducing high-surface-area mesoporous pathways (5.7 nm, 773 m?-g~! in
ZTC) for rapid Na* transport without competing for the same storage sites.

3. Dual Transport Enhancement: The ordered local turbostratic structure and high
conductivity of ZTC frameworks offer interconnected electronic and ionic pathways
across the electrode matrix [24].

In this work, Beta-Zeolite was employed as the templating agent, as it promotes key
carbonization reactions including condensation and hydrogen transfer [29], and is amenable
to removal via mild acid-base leaching procedures employing 2 M NaOH and 1 M HCl1 [30],
thereby avoiding the use of concentrated HF, enabling a safer and more scalable synthesis.
To systematically assess the impact of this synthesis route, ZTC was characterized and com-
pared with HEZ to evaluate differences in microstructure, surface morphology, and porosity.
The structural and morphological characterization presented herein reveals that, while
both HEZ and ZTC share a comparable local turbostratic microstructure, as evidenced by
consistent X-Ray Diffraction (XRD) and Raman parameters, they exhibit markedly distinct
surface morphologies and complementary porosity distributions, as highlighted by gas
analysis and Small-Angle X-ray Scattering (SAXS) measurements. This complementarity is
not coincidental but is the direct consequence of the templating approach, and it forms the
structural basis for the synergistic behavior of the composite electrode. The electrochemical
results demonstrate that the incorporation of a minor ZTC fraction (10 wt%) is sufficient
to substantially enhance ionic transport pathways, rate capability, and capacity retention
under demanding cycling conditions, without requiring any modification of the HC syn-
thesis protocol. The 10% loading was selected based on established guidelines from prior
hard carbon electrode formulation studies, where conductive additive concentrations in
the 5-10 wt% range had been recognized as optimal for balancing electronic conductivity
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with minimized inactive surface area [31]. The 10 wt% proportion ensures sufficient ZTC
content to establish continuous ionic transport pathways through the electrode matrix
while avoiding excessive dilution of the electrochemically active hard carbon component.
These findings are discussed in the context of established tortuosity theory and vali-
dated through complementary kinetic analysis techniques, providing a mechanistic frame-
work that rationalizes the observed performance enhancement and supports the broader
applicability of this additive strategy to other bio-derived hard carbon systems.

2. Materials and Methods
2.1. Synthesis of Hard Carbon (HEZ)

The HC utilized in this study, hereafter referred to as HEZ, was derived from hazelnut
shells via a scalable two-step process depicted in Figure 1a. Initially, the bio-waste shells
(obtained from BIO NOCCIOLA srl, Carbognano, Italy) were ground using a 8000 M
Mixer/Mill (SPEX SamplePrep, Metuchen, NJ, USA) in a stainless-steel jar with & 8 nm
balls for 15 min. The resulting powder was placed in an alumina boat and pyrolyzed in a
tubular oven (Carbolite Gero GmbH & Co. KG, Neuhausen, Germany). Carbonization was
conducted under an Ar/H, flux (50 mL-min ') with a heating rate of 5 °C-min~! up to a
peak temperature of 1100 °C, maintained for a dwell time of 2 h.
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Figure 1. (a) HEZ synthesis: (1) milling of the hazelnut shells; (2) pyrolysis: 5 °C-min~! heating rate,
1100 °C 2 h dwell time, Ar/H, flux 50 mL-min~!. (b) ZTC synthesis: (1) liquid-phase impregnation
(LPI): wt. ratio glucose:zeolite 1:1; (2) Pyrolysis under the same conditions as HEZ; (3) leaching:
NaOH 2M at 80 °C for 2 h, HC1 1 M at RT for 2 h; (4) reduction: 5 °C-min~! heating rate, 500 °C 2 h
dwell time, Ar/H, flux 50 mL-min 1.

2.2. Synthesis of Zeolite-Templated Carbon (ZTC)

The ZTC synthesis followed an original protocol adapted from the methodologies of
Ruiz-Rosas et al. and Park et al. [29,31]. The process is illustrated in the flow diagram in
Figure 1b. Zeolite powder (Thermo Fisher Scientific Inc., Waltham, MA, USA) was mixed
with glucose (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) in a 1:1 weight ratio
and dissolved in deionized water (50 mL of water per 10 g of solid mass). The solution was
stirred for 1 h at room temperature and subsequently heated to 80 °C until caramelization
occurred. The resulting slurry was pyrolyzed using the same parameters as the HEZ sample
(heating rate 5 °C-min—!, 1100 °C 2 h dwell time, Ar/H, flux of 50 mL-min~!). To isolate
the carbon framework, the inorganic phase was removed via a two-step leaching process.
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First, a desilication step was performed using a 2 M NaOH at 80 °C for 2 hin a 50% (v/v)
H,O/Ethanol mixture (40 mL per 0.5 g of material). After washing with deionized water
until neutral pH, a dealumination step followed, utilizing 1 M HCl in water at RT for 2 h
(100 mL per 0.5 g of material). Both steps were conducted in a round-bottom flask equipped
with a reflux condenser to maintain constant concentration and temperature. The effective
template removal was confirmed through XRD and Thermogravimetric Analysis (TGA)
shown in Supporting Information, Section S1. As a final step, the powder was neutralized
and subjected to a secondary annealing at 500 °C (5 °C-min~! heating rate, 500 °C 2 h dwell
time, Ar/Hj flux 50 mL-min~1) to mitigate oxygen-containing functional groups.

2.3. Material Characterization

Microstructural parameters were determined via XRD and Raman spectroscopy. XRD
was performed using a SmartLab diffractometer (Rigaku Corp., Tokyo, Japan; Cu-K,
A = 1.54A, 40 kV, 30 mA) over a 20 range of 10°-80° with a step size of 0.0252° and a scan
rate of 0.8°-min~!. Raman spectroscopy measurements were conducted using a home-built
microspectrometer, consisting of a metallographic microscope (Leica Microsystems GmbH,
Wetzlar, Germany) coupled to a 550 mm monochromator (Horiba Jobin Yvon GmbH,
Oberursel, Germany) equipped with a liquid-nitrogen-cooled CCD detector (Horiba Jobin
Yvon GmbH, Oberursel, Germany). Excitation was provided by a 532 nm diode-pumped
solid-state laser (LASOS Lasertechnik GmbH, Jena, Germany) filtered by a BraggGrate
bandpass laserline filter (OptiGrate Corp., Oviedo, FL, USA) to eliminate background
emission and attenuated using neutral density filters to reduce the laser power incident
onto the sample to about 2 mW. The excitation was delivered to the sample through a 100X
long working distance objective (Ernst Leitz Wetzlar GmbH, Wetzlar, Germany), and the
resulting diffused light was collected by the same objective in a backscattering configuration
and filtered by a Razor Edge longpass filter (Semrock Inc., Rochester, NY, USA) to reject
the elastic component. The Raman spectra were collected using a 600 grooves/mm grating
and averaging 4 measurements of 60 s each. The Raman spectra were then calibrated by
comparing the experimental spectrum of a reagent-grade cyclohexane reference sample
with the published one [32,33].

Surface morphology was investigated via Field Emission Scanning Electron Mi-
croscopy (FE-SEM, LEO 1530; Carl Zeiss AG, Oberkochen, Germany) utilizing the GEMINI
field emission column (accelerating voltage: 200 V to 30 kV, resolution: 1 kV-3 nm at 2 mm
working distance (WD), 30 kV-1 nm at 2 mm WD).

Pore size distribution and Specific Surface Area (SSA) were calculated by gas adsorp-
tion analysis: Nitrogen physisorption experiments were conducted on a TriStar II 3020 in-
strument (Micromeritics Instrument Corp., Norcross, GA, USA). Samples were degassed in
vacuum for 4 h at 300 °C followed by overnight pumping at 120 °C before measurement.
The empty volume of the cell was determined with helium.

N, isotherms were collected at 77 K. The SSA for each sample was determined by
the Brunauer—-Emmet-Teller method (BET) using data points at a relative pressure p/p°
between 0.01 and 0.3. The total pore volume was determined at a relative pressure of 0.98.
The pore size distribution was calculated via Tristar 2030 Plus software (v2.03), using the
Barrett-Joyner-Halenda (BJH) No-model for slit geometry at optimal Goodness of Fit vs.
Regularization (0.01) values for both root-mean-square (RMS) Error of Fit and Roughness
of Distribution.

CO; isotherms were collected at 273.15 K. The pore size distribution was calculated
via Tristar 2030 Plus software, using the density functional theory (DFT) CO;-model for slit
geometry at optimal Goodness of Fit vs. Regularization (0.01) values for both RMS Error of
Fit and Roughness of Distribution.
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SAXS measurements were carried out at SAXSLab Sapienza using a Xeuss 2.0 Q-Xoom
instrument (Xenocs SAS, Grenoble, France). The setup was equipped with a micro-focus
Genix 3D X-ray source with a Cu anode (A = 0.1542 nm), a two-dimensional Pilatus3 R
300K detector (DECTRIS Ltd., Baden-Dattwil, Switzerland) positioned at variable sample-
to-detector distances, and an additional Pilatus3 R 100K detector (DECTRIS Ltd.) placed
at a fixed shorter distance from the sample, approximately 14 cm, and tilted by 36° to
cover higher scattering angles. The calibration of the sample-to-detector distance was
performed using silver behenate for the small-angle range and Al,Oj3 for the fixed-distance
wide-angle detector. The incident beam size was set to 0.5 mm x 0.5 mm by means of a
two-pinhole collimation system equipped with scatterless slits. Data were collected at two
sample-to-detector distances, 262 and 2500 mm, allowing an overall explored scattering
vector modulus range from q = 0.04 nm~! to g =32 nm~!, where q = 47sinf - A1, 20 is the
scattering angle, and A is the X-ray wavelength.

To verify the complete removal of the inorganic phase after the leaching processes,
TGA was performed with a TA Instruments SDT650 system (TA Instruments, New Castle,
DE, USA) under an air atmosphere (flow rate of 100 mL-min~1).

2.4. Electrochemical Measurements

Working electrodes were prepared by casting a slurry containing HEZ, binder
(polyvinylidene fluoride PVDEF), and carbon additives (ZTC or commercial Super P), result-
ing in the following three different electrode configurations:

1. HEZ9-1 (containing HEZ:PVDF wt% 90:10);
2. HEZ_ZTC (containing HEZ:PVDF:ZTC wt% 80:10:10);
3.  HEZ 8-1-1 (containing HEZ:PVDEF:SuperP wt% 80:10:10).

To isolate the unique functional role of ZTC, a step-by-step control framework was
established comparing an additive-free baseline (HEZ 9-1) for intrinsic hard carbon kinetics
and a conventional Super P benchmark (HEZ 8-1-1) for purely electronic enhancement.
Direct comparison against the target formulation (HEZ_ZTC) decouples standard electronic
percolation from the dual electronic—ionic transport enabled by ZTC’s interconnected 3D
mesoporous network.

The mixtures were suspended in N-Methylpyrrolidone and cast onto aluminum foil
using a doctor blade set at a 200 um thickness reaching an average mass loading of active
material of 3 mg-cm 2. The coated foils were dried at 60 °C under vacuum for 3 h and cut
into 10 mm diameter disks. Electrodes were further dried overnight in a vacuum oven at
110 °C and transferred to an Ar-filled glove box (GP-Concept, Jacomex, Dagneux, France) for
cell assembly. CR2032 coin cells were assembled in a half-cell configuration using sodium
metal as the counter electrode and Whatman glass fiber separators (GF/D, Cytiva, Maidstone,
UK) soaked with 100 pL of electrolyte (1 M NaClOy in anhydrous propylene carbonate).

Electrochemical performance was evaluated via galvanostatic cycling (GC), rate capa-
bility (RC), cyclic voltammetry (CV), and the galvanostatic intermittent titration technique
(GITT) within a voltage window of 0.01-2.2 V. Capacity retention was assessed via GC for
50 cycles at 50 mA-g~!. RC tests were conducted by stepwise increasing of the current
density every 5 cycles, using values of 10, 50, 100, and 250 mA-g’1 prior to returning to the
initial 10 mA-g’l. Diffusion kinetics were investigated via CV at various scan rates (0.05,
0.1,0.2,0.5,1.0,and 1.5 mV-s’l), with the apparent diffusion coefficient calculated using the
Randles-Sevcik equation. For GITT, a current density of 10 mA-g~! was applied to obtain
9 representative points at different states of charge (S0C) by maintaining potentiostatic steps
at specific voltage intervals (1.2, 1.0, 0.8, 0.6, 0.4, 0.2, 0.15, 0.1, and 0.05 V) until equilibrium
was reached. Equilibrium was defined by a 10-fold current decrease (to 0.1 mA- g’l), with
pulse and relaxation times of 30 min and 9 h, respectively. The apparent diffusion coeffi-
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cients (Dapp) were calculated starting from CV datasets using the Randles-Sevcik equation,
which assumes semi-infinite linear diffusion to a planar electrode under conditions of negli-
gible surface reaction resistance. For porous carbon electrodes with rough morphology (as
examined herein via SEM), this assumption is strictly violated; therefore, the reported Dapy,
values should be interpreted as effective or apparent diffusion coefficients that integrate
effects from pore geometry, Solid Electrolyte Interphase (SEI)-mediated ion transport, and
electronic conductivity. Despite these caveats, the Randles—Sevcik analysis provides a
consistent, comparative metric for assessing relative differences in ionic transport among
the three electrode configurations, with the same methodological assumptions applied
uniformly to all samples. This relative comparison is the primary utility of the CV-derived
data; the derived Dgpp values should be viewed as semi-quantitative. In contrast, GITT
analysis operates under quasi-equilibrium conditions and provides a more robust quan-
tification of sodium-ion diffusivity within the solid electrode, independent of detailed
pore-morphology assumptions.

The plateau capacity in the galvanostatic tests was defined as the capacity in the
galvanostatic discharge profile within the voltage interval 0.01-0.1 V vs. Na*/Na. This
voltage range corresponds to the region where sodium ions fill interstitial sites in hard
carbon, as widely documented in the SIB literature for HC anodes [8].

All electrochemical measurements were performed on a minimum of three indepen-
dent coin cells for each electrode configuration (HEZ 9-1, HEZ 8-1-1, HEZ_ZTC) to ensure
statistical reliability.

3. Results and Discussion

3.1. Material Characterization
3.1.1. Microstructure Analysis

The microstructure of hard carbon derived from hazelnut shells (HEZ) and zeolite-
templated carbon (ZTC) was examined to evaluate how two distinct synthesis pathways, a
scalable single-step carbonization for HEZ and a multi-step nanocasting process for ZTC,
influence the resulting amorphous framework. The XRD patterns and Raman spectra are
presented in Figure 2a, with the derived structural parameters summarized in Table 1.

The diffractograms and spectra shown in Figure 2 are typically associated with non-
graphitizable carbon trends. Amorphous carbon diffractograms are characterized by
two reflection peaks. One at around 25° (002) is due to the interlayer scattering related to
stacking force, which arises from 7r aromatic bond sharing between parallel graphene layers.
Instead, the second reflection peak observed at around 45° (10) is due to the intralayer
scattering related to the in-plane layer scattering. XRD parameters were calculated using
the Bragg and Scherrer equations [34]:

A

dooz = ~———— 1
002 = 560’ (1)
L\ @)
Bo28inOoo2
1.84A
L= ————+— 3
* " Byosindqg’ ©)

The parameters A, 3, as well as 6gp2 and 019 represent the wavelength of incident
X-rays, the half-peak width of the diffraction peak, and the diffraction angle, respectively.
Compared to HEZ, the ZTC sample exhibits a slightly lower interplanar spacing (dg2) and
a higher average stacking height (L.), likely due to the structural constraints imposed by
the zeolite template during carbonization. The lateral grain size (L,) is also marginally
larger for the ZTC.
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Figure 2. HEZ (blue) vs. ZTC (red): (a) XRD pattern; (b) Raman spectra; (c¢) FE-SEM images;
(d) SAXS profile; (e) Ny absorption/desorption isotherms; (f) BJH pore size distribution plot; (g) CO,
absorption/desorption isotherms; (h) DFT pore size distribution plot.

Table 1. HEZ vs. ZTC structural features obtained through XRD and Raman spectroscopy. dggp:
distances between graphene planes. L.: stacking height. L,: extension of graphene planes. Ip/Ig,
Ap/Ag: intensity and area ratio of Raman D and G bands. SSA obtained through nitrogen sorption

N, and SAXS.
Investigation Technique  Parameter HEZ Z1C
doo2 [A] 413 +0.01 3.90 + 0.01
XRD L. [A] 7+2 13+1
L. [A] * 41+2 41+4
Ip/Ig 1.32 £ 0.04 1.15 £ 0.02
Raman L.[A] = 183£05 21.0 £ 0.4
Ap/Ag 32+0.2 29+0.1
BET Specific Surface Area  SSA[m?.g~!]N, 54+4 773 + 4
SAXS Mesopore ~2.4 nm (2%) ~5.7 nm (81%)
Micropore ~0.9 nm (98%) ~1.3 nm (19%)

* La value depends on the characterization technique used: XRD estimates the total lateral extension
of the graphene plane (crystallite size), whereas Raman spectroscopy estimates the average distance

between defects.
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The Raman spectra of NGC (Figure 2b) are characterized by the presence of two broad
bands centered at ~1350 cm ™! (D band) and ~1580 cm~! (G band), respectively, attributed
to defect-activated sp? breathing mode in rings (A1g) and the C-C in-plane stretching mode
(Ezg) [35]. For strongly disordered carbon samples, the structural parameter L, can be
obtained from the Raman spectra analysis following the methodology proposed by Ferrari
et al. [36], using the following formula:

Ip 1
Ic C(AL)’

a 4)
where Ip and I are the heights of the peaks and C(A)Cy + ALC; with Cy = —12.6 nm,
C; =0.033, and Ay, = laser wavelength (valid for 400 nm < Ap, < 700 nm). To accurately
account for structural defects and amorphous contributions, the Ip /I ratio was determined
via a multi-peak fitting procedure. Specifically, a five-band decomposition method was
adopted for the deconvolution of the Raman spectra [37], wherein the D, G, D1, and
D4 bands were modeled using Lorentzian lineshapes, while the D3 band was fitted with a
Gaussian function (Figure S2). The conventional I, /I ratio was retained for calculating the
Raman-derived L, according to the Ferrari-Robertson relationship, while the integrated-
area ratio Ap/Ag was additionally determined as a complementary descriptor of the
relative contributions of the D and G bands. The resulting parameters are reported in
Table 1, and the complete fitting parameters are provided in the Supporting Information.
HEZ exhibits an Ip /I ratio of 1.32 4 0.04, whereas ZTC shows a lower value of 1.15 £ 0.02,
corresponding to Raman-derived L, values of 18.3 + 0.5 and 21.0 + 0.4 A, respectively. The
resulting Ip /I ratios and the calculated L, values demonstrate that both samples possess
a comparable degree of local structural disorder.

Overall, the data suggest that both carbons share a nearly identical local microstructure,
consistent with traditional hard carbon frameworks in both spectral profile and calculated
parameters. This result indicates that the final nanoscale architecture is primarily governed
by the pyrolysis conditions: temperature, dwell time, and atmosphere.

3.1.2. Surface Morphology, Surface Area, and Porosity Characterization

The morphology and porosity of HEZ and ZTC were compared to evaluate the impact
of the templating process on the carbon structure.

Surface morphology investigated via FE-SEM revealed a profound difference in parti-
cle characteristics, as evident in Figure 2c. The HEZ sample exhibits a smooth, non-porous
surface typical of biomass-derived HCs. In contrast, the ZTC displays a highly rugose and
porous surface, consistent with nanocasting synthesis. Notably, a channel-like architecture
can be observed in the ZTC at both magnification scales. These images qualitatively support
the presence of a more open porous morphology in ZTC; however, specific pore dimensions
were quantitatively assessed on the basis of Ny, CO, adsorption and SAXS measurements.

The specific surface area (SSA) was estimated using the BET model based on N;
adsorption—desorption isotherms at 77 K (see Figure 2e). The ZTC isotherm displays a type
IV characteristic, featuring a hysteresis loop at p/p° < 0.4 that is commonly associated with
capillary condensation phenomena typical of mesoporous carbons [38]. Consequently, the
BET calculation for ZTC revealed a high SSA of 773 + 4 m?-g~!, confirming a successful
templating process that generated a widespread porous network accessible to N, molecules.
Regarding the HEZ sample, the obtained results cannot be considered fully valid, as is often
expected for strictly microporous materials [38,39]. Specifically, the Rouquerol plot yielded
a negative C-constant, indicating that the calculated SSA does not reflect the true porosity
but rather an artifact arising from the restricted accessibility of N, within that specific
micropore range. Nevertheless, HEZ yielded a formal SSA of 54 & 4 m?-g~!, which aligns
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with literature values for bio-based HCs [40]. Notably, a prominent distinction lies in the N
adsorption capacity of the two samples, which is considerably lower for HEZ. Furthermore,
the ZTC isotherm was utilized to determine the pore size distribution via the BJH method.
The results highlight a substantial mesopore volume, with a size distribution centered at
approximately 11 nm, alongside a small secondary distribution at 4 nm. Additionally, a
complementary porosity evaluation was performed using CO; as a probe gas. Since CO,
molecules are smaller and possess higher kinetic energy at 273 K, they penetrate micropores
more effectively, providing a more accurate estimation of narrow porosity. The resulting
isotherms show higher gas adsorption for HEZ compared to ZTC, suggesting a higher
concentration of micropores in the former. Density Functional Theory (DFT) calculations
were performed to quantify the micropore volume and distribution. The HEZ sample
exhibits a high density of micropores with a size distribution peaking at approximately 54,
with a minor contribution at 7A. In contrast, ZTC presents a comparable size distribution
of micropores centered at approximately 5.5A and 8A.

A deeper analysis of the pore distribution was conducted using SAXS. The scattering
patterns for HEZ and ZTC exhibit complementary trends, reflecting distinct pore size
regimes, as shown in Figure 2. The SAXS profiles were first normalized and corrected
to account for the fluctuation background term (as described in the Supporting Informa-
tion) [41,42]. Finally, the experimental data were fitted using the parametrization method
introduced by Smarsly et al. [43] (Figure S3), which correlates the total scattered SAXS
intensity I, due to a two-phase matrix as a function of the scattering vector s, with the
following parametrization model:

N
Ip(s) = Zajlj(ZHbs), )
=0

The parametrization method models the experimental scattering profile as a linear
combination of N analytical basis functions [j(s) which correspond to exact, mathematically
defined chord length distributions g;j(r) in real space. The optimization algorithm adjusts
two key parameters: (i) the global length scale b, which dictates the structural size-scaling
and exponential decay of the pore space, and (ii) the individual linear coefficients aj, which
represent the relative volume contribution of each discrete structural configuration j to the
total porous matrix. The best fit of the experimental data determines the parameter values,
enabling the quantification of the porosity range and distribution as reported in Table 1.
The HEZ sample is dominated by micropores (~0.9 nm), whereas ZTC contains a significant
fraction of mesopores (~5.7 nm). Specifically, the mesopore content is substantially higher
in ZTC (~81%) compared to HEZ, which lacks a significant mesopore fraction (comprising
only ~2% in the ~2.4 nm range). While ZTC retains a micropore volume fraction of ~19%,
these pores are larger on average (~1.3 nm) than those observed in HEZ. In contrast to
surface-related techniques such as gas adsorption and SEM, SAXS analysis reveals a smaller
size range for both micro- and mesoporosity. This is expected, as the high penetration
power of X-rays inherently provides information regarding bulk porosity.

Taken together, SEM, gas analysis, and SAXS characterizations consistently show
that ZTC supplies an interconnected mesoporous network that complements the intrinsic
microporosity of HEZ.

3.2. Electrochemical Measurements
3.2.1. Galvanostatic Cycling and Rate Capability Tests

The electrochemical performance was evaluated by testing the three distinct electrode
configurations HEZ 9-1, HEZ_ZTC, and HEZ 8-1-1 described above. All the electrochemical
results are illustrated in Figures 3 and S4. The specific capacity values reported throughout
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this work are explicitly calculated based on the total active carbonaceous material mass
(comprising both the HEZ hard carbon host and the carbon additives, ZTC or Super P),
which represents 90 wt% of the total dry electrode layer. The 10 wt% PVDF binder is
electrochemically inactive and was excluded from all specific capacity normalizations.
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Figure 3. Electrochemical measurements of HEZ 9-1, HEZ 8-1-1, and HEZ_ZTC: (a) Rate capability
tests performed for 5 cycles at various current densities (10, 50, 100, 250 mA-g~! and again 10 mA-g~1)
starting from the 2° cycle; (b) comparison of the V vs. Q profiles at the 50th cycle (50 mA-g~1);
(c—h) CV obtained by varying the scan rate and the current peak vs. squared scan rate (Ip vs.|/v) to
obtain the apparent diffusion coefficient through the Randles-Sevcik equation; (i) apparent sodium-
ion diffusion coefficients (Dapyp) calculated through Equation (6) for the three electrode configurations.
Values represent the mean capacities and Dapp derived from three independent cell measurements.
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The initial cycle, which is critical for the formation of the SEI, is detailed in Figure S4.
HEZ_ZTC electrode exhibited higher first-cycle irreversibility compared to the other
samples. This resulted in a lower ICE of 53%, compared to 73% for HEZ 9-1 and 84%
for HEZ 8-1-1.

The lower initial Coulombic efficiency ICE of the HEZ_ZTC electrode is likely caused
by the additive’s large specific surface area (773 m?-g~1, Table 1) [44]. As shown in the first-
cycle CV profiles (Figure S4b), this high surface area promotes irreversible electrochemical
reactions in the low-potential region (~0.5 V vs. Na*/Na). Sodiation on the ZTC surface
consumes active sodium ions and leads to the deposition of organic—inorganic species on
the electrical double layer, increasing the amount of irreversible capacity lost. Differences in
the first-cycle discharge profiles (Figure S4a) highlight distinct sodiation kinetics driven by
the unique surface properties and porosity of each additive. Specifically, non-porous Super
P particles and highly porous ZTC form different electrolyte—electrode interface interactions,
leading to slight variations in equilibrium potentials during the initial reduction.

Despite the different ICE, the specific capacity stabilized at approximately 250 mAh-g !
for all electrodes during subsequent cycles at a low current density of 10 mA-g~! (Figure 3a).
However, at higher current densities, the performance benefits of the ZTC additive became
evident. As shown in the rate capability plot (Figure 3a and Table S3), the HEZ_ZTC
electrode maintained significantly higher capacities across all investigated current densities.
This enhancement was most pronounced at 50 mA-g~! and 100 mAh-g~!. Furthermore, the
stable trend in Coulombic efficiency of the ZTC-containing electrode indicates improved
cycling stability.

An additional feature of the rate-capability experiment is the lower and progressively
increasing Coulombic efficiency observed for HEZ_8-1-1, the electrode containing 10 wt%
Super P at a current density of 250 mA-g~!. This behavior differs from the initial Coulombic
inefficiency associated with SEI formation and is observed during the subsequent rate-
dependent cycling sequence. At elevated current densities, polarization in Na | | HC half-
cells can become significant and may limit the extent of sodiation/desodiation reached
within the imposed potential window. Therefore, the transient reduction in Coulombic
efficiency observed for HEZ_8-1-1 may arise from a combination of current-dependent
polarization and interfacial processes associated with the Super P-containing composite.

The impact of the ZTC additive is further highlighted by analyzing the voltage
profiles at a constant current density of 50 mA-g~! (Figure 3b). After 50 cycles, the
HEZ_ZTC electrode maintained a plateau capacity of ~100 mAh-g~! (capacity between the
0.01-0.1 V range) after 50 cycles at 50 mA-g~!, whereas HEZ 9-1 and HEZ 8-1-1 declined to
only ~30 mAh-g~!. Beyond the 50 cycle milestone, extended testing reveals a ~30% capacity
decay between the 50th and 100th cycles for HEZ_ZTC. Translating these capacity gains into
practical long-term battery deployment (>500-1000 cycles) will require interphase optimiza-
tion such as transitioning to more stable electrolyte systems (e.g., 1 M NaPFg in diglyme or
EC/DEC blends) [45,46], incorporating film-forming additives (e.g., FEC, DFEC) [47], or
tuning ZTC loading (~5 wt%) to balance rate kinetics with long-term passivation.

These results suggest that the ZTC framework enhances the electrode’s ability to store
Na* ions at higher current densities while maintaining performance at lower rates.

Overall, the increased first-cycle irreversibility of HEZ_ZTC parallels the high surface
area of the ZTC component and reflects enhanced electrochemical accessibility of the ZTC
pores; the same feature enables superior ionic transport at elevated current densities. While
this represents an apparent penalty, two factors mitigate its impact: (1) ICE recovers to
>99% rapidly by cycle 4 because the SEI layer, once formed, provides a protective barrier
against further electrolyte decomposition; and (2) the low-voltage plateau capacity retention
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improvements at high rates are around three times higher compared with pristine HC, far
exceeding the magnitude of the first-cycle loss across longer cycling regimes.

The performance gains demonstrated by HEZ_ZTC electrodes must also be dis-
cussed against potential volumetric penalties. ZTC materials exhibit lower tap density
(d ~ 0.5 g-em®) compared to densified hard carbon (d ~ 1.0-1.1 g-cm?), reflecting their high
porosity. When incorporated as a 10 wt% additive, this results in a modest (~8-12 wt%)
reduction in the electrode volumetric tap density. For a half-cell operating at 50 mA-g~! for
50 cycles, the HEZ_ZTC electrode achieves a volumetric capacity of ~50 Wh-L~!, (based
on plateau capacity of 100 mAh-g~! and average discharge voltage of 0.5 V, normalized to
electrode volume). While this is lower than densified pure-HC electrodes (~60 Wh-L™1),
the factor becomes economically favorable in fast-charging scenarios (>100 mA-g~1), where
pure HC sulffers catastrophic capacity loss, and HEZ_ZTC maintains >80% of its plateau
capacity. For stationary energy storage systems prioritizing power density over volumetric
energy, the ZTC-additive strategy offers distinct advantages.

3.2.2. Na* Diffusion Analysis

To elucidate the mechanism behind the rate capability enhancement, CV and GITT
analysis were conducted. To correctly interpret the kinetic parameters, it is essential to
define the physical meaning of the diffusion coefficients derived from electrochemical
techniques in porous composite electrodes. The Dapp, values calculated from both CV
(Randles—Sevcik model) and GITT (Weppner-Huggins model) represent effective or ap-
parent diffusion coefficients. Rather than isolating intrinsic solid-state diffusion within the
hard carbon lattice, these parameters reflect a coupled transport process operating across
the composite electrode matrix. This integrated process encompasses: (i) liquid-phase
Na* transport within the electrolyte-filled macro-, meso-, and open micropore networks;
(ii) interfacial charge transfer and ion migration across the SEI; and (iii) solid-state inser-
tion/diffusion within the turbostratic graphitic domains and closed micropores of the
HEZ host.

CV analysis was performed at various scan rates (0.05 to 1.5 mV-s~!), as shown in
Figure 3c-h. The apparent diffusion coefficient (D,pp) was calculated using the Randles—
Sevcik equation [48,49], which defines the linear relationship between the peak current I,
(V) and the square root of the scan rate v (V-s~1):

I, =K-n¥2.A-C-v!/2.Dypp!/? (6)

where K is a constant related to the electrochemical system and experimental conditions, n
is the number of electrons transferred (n = 1 for Na*), A is the electrode surface area (cm?),
C the bulk concentration of the electroactive species (mol-cm™3) and D,pp the apparent
diffusion coefficient (cm?-s~!). This equation was applied to evaluate diffusion during
both the reduction (sodiation) and oxidation (desodiation) processes.

The Dapp values summarized in Table 2 confirm that the Super P and ZTC additives
effectively accelerate Na* transport. Both the cathodic and anodic Na* diffusion coefficients
improve progressively from the HEZ 9-1 to HEZ 8-1-1 and HEZ_ZTC samples, with the
highest diffusion observed in the electrode containing ZTC.

To further investigate the increased plateau capacity, the galvanostatic intermittent
titration technique (GITT) was employed [50]. This technique allows for the determination
of Dapyp, at different SoC by analyzing potential relaxation after a current pulse. According
to Fick’s second law, D,pp can be derived from the following relationship:

b _ 4 (msVa\?(AE)? )
PP 1t \ MBA AE. )’
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Table 2. Dapy, calculated through Equation (6) for the three different electrode mixtures.

Sample  Cathodic Na* D,pp [em?:s71]-10-1°  Anodic Na* D,pp [cm?-s~1]-10-10

HEZ_7ZTC 16 +£3 25+04
HEZ_8-1-1 15+2 29+04
HEZ_9-1 35+0.6 1.0£0.1

In this equation T stands for the pulse duration, mp refers to the mass of active material
on the electrode, A denotes the electrode area, Mg and V) are, respectively, the molecular
weight and molar volume of the sample, AE; is the steady-state voltage change, and AE+ is
the total voltage change during the current pulse. GITT measurements reveal a pronounced
dependence of the apparent diffusion coefficient on potential (Figure 3i and Table S2),
pointing to SoC-dependent transport kinetics. All three electrode configurations show a
marked minimum around 0.4 V, followed by a recovery of D,pp at lower potentials. The
apparent diffusivity reflects the combined effects of electrolyte transport, interfacial /SEI
transport, and Na* storage within the hard-carbon structure. The minimum around 0.4 V
is consequently interpreted as a kinetic bottleneck within the sloping region rather than
as evidence of a discrete phase transition; this is attributed to the change from the interca-
lation to pore-filling process [44]. At lower potentials, the recovery of Dapy is consistent
with the change in the dominant Na-storage mechanism approaching the low-voltage
plateau. Across the entire potential range, the ZTC-containing electrode consistently ex-
hibits superior Dapp values at both high and low voltages, most notably in the low-voltage
region where the primary sodium-storage process occurs while simultaneously showing
the deepest Dapp drop at 0.4 V.

The apparent diffusion coefficients derived from CV analysis (Randles—-Sevcik method)
show clear enhancement upon ZTC incorporation (Table 2). Cathodic Dapp values increase
from 3.5 4 0.6-1071% cm?-s~! (HEZ 9-1) to 16 + 3-107 1% cm?-s~! (HEZ_ZTC), representing
an acceleration of sodium uptake kinetics. While these values should be considered appar-
ent coefficients due to the rough, porous electrode morphology, the consistent application
of the Randles-Sevcik methodology to all samples provides valid relative comparisons.
The GITT-derived Dapp values (Figure 3d) provide orthogonal confirmation of enhanced
diffusion in the low-voltage plateau region (<0.1 V), where GITT analysis is less sensitive
to morphological factors and surface resistance variations.

3.2.3. Future Prospective

To contextualize the hazelnut shell hard carbon/zeolite-templated carbon (HEZ_ZTC)
composite anode within contemporary carbon architectures and advanced energy storage
systems, Table 3 contrasts our hierarchical mesoporous additive strategy against recent
biomass-derived hard carbons [12,51-55].

As detailed in Table 3, contemporary biomass-derived hard carbon architectures rely
on a diverse spectrum of precursor sources, including agricultural waste, peels, and shells,
and processing strategies ranging from direct carbonization to chemical activation and
acid digestion. Across these systems, specific reversible capacities generally fall between
210 and 300 mAh-g~! under varying current densities (10-50 mA-g~!), accompanied by
ICE ranging from modest (32-55%) to relatively high values (up to 77%).

In comparison, the composite HEZ_ZTC electrode delivers a competitive initial re-
versible capacity of 250 mAh-g~! at 10 mA-g~! while maintaining an outstanding low-
voltage plateau capacity retention of 100 mAh-g~! at 50 mA-g~! after 50 cycles. The
primary trade-off of the ZTC-assisted strategy is a lower initial Coulombic efficiency. How-
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ever, the rapid interfacial stabilization occurs, enabling superior long-term plateau capacity
retention under high-rate conditions.

Table 3. Comparison of synthesis conditions, testing parameters, specific reversible capacities, and
ICE of the hazelnut shell-derived hard carbon (HEZ_ZTC) synthesized in this work against other
reported biomass-derived carbon materials.

Specific Reversible Capacity

Active Material Synthesis Conditions Current Density (Plateau Capacity) ICE (%) Reference
Hazelnut Shell Direct pyrolysis at
HC_ZTC 1100 °C (2 h, Ar/H, flux); 10 mA-g~! 250 mAh-g~! 53% This Work
(HEZ_ZTC) + ZTC additive
Chemical activation
. (KOH/H3POy), 1 ] o Al-Aoh et al.
Palm Fiber Waste pyrolysis at 800 °C 50 mA-g 280 mAh-g 75% (2026) [51]
(2 h, Ny flux)
Pectin extraction, D tal
Apple Pomace pyrolysis at 1100 °C 50 mA-g~! 285 mAh-g~! 66% (2(?1%; [52j
(2 h, Ar flux)
Washing, drying,
Potato Peel pyrolysis at 900 °C 35mA-g~! 300 mAh-g~! 62% B}E;(x;\;a;?a[]ezt]al.
(1 h, Ar flux)
Coffee Grounds, Hydrothermal
Sunflower Seed carbonization, 1 1 o Nieto et al.
Shells, and Rose followed by pyrolysis at 25mA-g 210-280 mAh-g 32-76% (2023) [53]
Stems 1200 °C (2 h, N flux)
. Direct pyrolysis at
MNaniflrl‘;a 1100 °C 20mA-g! 210 mAh-g ! 63% gggg) ‘EtSZ}
(1 h, N flux)
Wild Giant Cane, i};gzcr)ltikzl?’;?;fll Ficca et al
i ’ o1 _ o1 _77%, .
%;‘;Zlitl‘l’t“sehifﬁj followed by pyrolysisat 10 A8 220-290 mAh-g 577%  2026) [55]
1100 °C (2 h, Ar/H; flux)

Beyond bio-carbon anode comparisons, the kinetic design principles implemented
in this work closely parallel recent advances across complementary electrochemical stor-
age systems. For instance, Azemtsop Manfo et al. [56] demonstrated that integrating
asymmetric ionic liquid cations into polyvinyl alcohol/sodium thiocyanate (PVA /NaSCN)
polymer electrolytes modulates the matrix free volume and lowers ion-pairing resistance,
significantly boosting ionic transport. Analogously, introducing ZTC into the HEZ active
layer establishes continuous, low-resistance mesoporous highways that alleviate local
concentration polarization during rapid Na* delivery. Furthermore, established that di-
mensionally modulating single-crystalline olivine-phosphate cathodes (LiMPO,4) combined
with multi-walled carbon nanotube conductive networks shortcuts solid-state diffusion
paths, enabling superior rate capability and structural durability [57]. The mesoporous
ZTC additive plays a functionally equivalent role in our composite by drastically lowering
effective electrode tortuosity and shortening sodium diffusion lengths into the micropores
of the hard carbon host.

To rationalize the kinetic advantages of the target HEZ_ZTC composite electrode,
its electrochemical performance can be understood by contrasting the structural traits of
zeolite-templated carbon (ZTC) with conventional carbon black (Super P). Commercial
Super P consists of non-porous spherical nanoparticles with a low specific surface area [58].
While Super P establishes effective point-to-point electronic conductive pathways across
the electrode matrix, it lacks internal porosity; consequently, Na* ions are forced to travel
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around aggregate clusters through tortuous interparticle voids in the hard carbon host,
offering zero ionic flux enhancement. In contrast, ZTC represents a three-dimensional (3D),
highly ordered microporous-mesoporous framework featuring uniform mesopores and
high conductive structural continuity. In the HEZ_ZTC matrix, ZTC functions as a dual
electronic—ionic conductor whose continuous mesopore network acts as liquid electrolyte
“fast channels” embedded throughout the active layer. This structural configuration signifi-
cantly lowers the global electrode tortuosity factor, accelerating liquid-phase ion supply to
the microporous HEZ active particles.

To further investigate electrode transport, deconvoluting solid-state bulk diffusion
from liquid-phase pore transport is highly valuable, though this analysis introduces notable
diagnostic challenges in half-cell configurations. Standard Electrochemical Impedance
Spectroscopy (EIS) across 0.01 Hz-100 kHz is frequently complicated by non-stationary be-
havior stemming from continuous SEI evolution and sodium counter-electrode polarization,
which invalidates classical equivalent-circuit parameterization. To circumvent these limita-
tions, kinetic quantification in this study relies on two complementary, SEl-independent
methodologies: GITT analysis, which measures apparent Na* diffusion coefficients via
transient potential relaxation based on Fick’s second law, and multi-scan-rate CV, which
uses the linear relationship between peak current and /v (Randles—Sevcik equation) to
confirm diffusion-limited kinetics [48,49]. The strong convergence of diffusion coefficients
derived from both techniques (Table 2) validates the reliability of the reported values.
Nevertheless, advanced non-destructive methodologies such as solid-state >>Na pulsed-
field gradient NMR spectroscopy or operando potentiostatic electrochemical impedance
spectroscopy represent vital future directions to orthogonally decouple phase-specific
transport dynamics.

4. Conclusions

Incorporating 10 wt% zeolite-templated carbon (ZTC) as a functional additive into
a hazelnut-shell-derived hard carbon (HEZ) anode significantly enhances Na* transport
kinetics and high-rate performance without requiring alterations to the native hard carbon
synthesis. Structural and porosity characterizations confirm a complementary dual-phase
architecture: a microporous HEZ matrix integrated with an ordered, interconnected meso-
porous ZTC framework (5.7 nm average mesopore diameter). Electrochemical evaluations
demonstrate that the HEZ ZTC composite achieves a fourfold increase in apparent ca-
thodic ionic diffusion coefficient (from ~3.5 x 10719 em?-s71 to ~16 x 10710 cm?-s~1) and
superior rate capability. Notably, the HEZ_ZTC electrode maintains a low-voltage plateau
capacity of ~100 mAh-g~! after 50 cycles at 50 mA-g~!, compared to only ~30 mAh-g~!
for pristine HEZ.

While the elevated specific surface area of ZTC (773 m? g~ 1) reduces the initial Coulom-
bic efficiency to 53%, rapid interfacial passivation restores Coulombic efficiency to >99% by
the fourth cycle, offsetting initial capacity loss through substantial high-rate gains. Future
studies utilizing operando EIS and ?*Na solid-state NMR will provide deeper mechanistic
insights into SEI evolution and phase-specific ion migration. Furthermore, optimizing
ZTC mass loading (e.g., 5-10 wt%) presents a clear pathway to balance initial Coulombic
efficiency with high-rate plateau retention, establishing templated mesoporous additives
as a viable, synthesis-agnostic strategy for high-power sodium-ion battery anodes.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/batteries12100385/s1. Figure S1: Proof of zeolite template
removal before and after leaching process; Figure S2: Experimental Raman spectra and five-peak
deconvoluted fits; Figure S3: Small-angle X-ray scattering (SAXS) analysis; Figure S4: Electrochemical
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performance comparison; Table S1: Deconvolution spectral fitting parameters; Table S2: Apparent
sodium-ion diffusion coefficients; Table S3: Rate capability discharge capacity values.
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Abbreviations

The following abbreviations are used in this manuscript:

HC Hard Carbon

HEZ Hazelnut-derived Hard Carbon

ZTC Zeolite Templated Carbon

XRD X-Ray Diffraction

FE-SEM  Field Emission Scanning Electron Microscopy
BET Brunauer-Emmett-Teller (Surface Area Model)
SAXS Small-Angle X-ray Scattering

TGA Thermogravimetric Analysis

cv Cyclic Voltammetry

GC Galvanostatic Cycling

RC Rate Capability

GITT Galvanostatic Intermittent Titration Technique
SSA Specific Surface Area

doo2 Interplanar Spacing

Lc Crystallite Stacking Height

L, Lateral Grain Size/Graphene Plane Extension
Ip/Ig D and G band Intensity ratio

Dapp Apparent Diffusion Coefficient

ICE Initial Coulombic Efficiency

SEI Solid Electrolyte Interphase

SoC State of Charge

A Angstrom 10710 m
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