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ABSTRACT
Developing a sustainable circular economy requires specific protocols to produce sustainable energy materials for renewable

energy deployment. Sodium-ion batteries (SIBs) offer a safer and cheaper alternative to lithium-ion batteries, but their perfor-

mance is limited by anodematerials. Here, we investigate hard carbons (HCs) derived from three Italian waste biomasses: hazelnut

shells, wild giant cane, and olive stones, comparing them to commercially available petroleum-based HC. A facile and eco-friendly

synthesis involving ball milling, citric acid digestion, and pyrolysis at 1100°C yields nanostructured active materials for SIBs. We

analyze their morphology, porosity, microstructure, defectivity, surface chemistry, and electrochemical performance. Results

reveal that the biomass-derived HCs exhibit comparable performance to the commercial counterpart. The wild giant cane

and olive stone-derived HCs show the best electrochemical performance, offering a promising route toward sustainable and

high-performance SIB anodes.

1 | Introduction

The route set by the European Commission (EU) to ferry the
eurozone into a more sustainable and affordable world is based
on new paradigms that were not fully internalized in the
pre-COVID era. Nowadays, the current economy and energy
scenarios are still heavily reliant on fossil fuels and on the
“take-make-waste” model used since the last industrial revolu-
tion. To overcome this outdated concept, the upcoming EU
Circular Economy Act [1] targeting high-impact sectors such
as agriculture, energy, and electronics, aims at creating a market
for waste and secondary materials within the EU economy, will
develop all the prerequisites for renewable, efficient, and profit-
able economy and energy systems. Indeed, one of the act’s

mandates is to transform waste streams into high-value second-
ary raw materials, supporting local supply chains to reduce car-
bon footprints and creating new industrial partnership among
sectors and the green energy industry. Particularly, the goal is
to foster markets for secondary raw materials like those in the
critical raw materials (CRM) Act where, by 2030, at least 25%
of the EU’s strategic raw material consumption must come from
recycling and 40% from domestic processing, hence boosting the
use of recycled components in general, especially to support
the climate neutrality set for 2050. Indeed, the use of a more sus-
tainable and circular model is mandatory to reduce the an-
thropogenic carbon footprint on the ecosystem, especially in
heavily pollutant sectors like transportation and manufacturing.
However, the use of renewable energy is still hindered by
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drawbacks associated with the intermittent nature and high
upfront costs of the technologies. In this context, the main
research activity of the energy sector is centered around the
replacement of expensive and less affordable elements like rare
earth elements (REE), noble metals, Co, Li, etc. with cheaper and
more abundant ones, but maintaining performances.

Electrochemical energy storage (EES) technologies have been
revolutionized by intercalation batteries, particularly lithium-
ion batteries (LIBs), which have seen widespread commercializa-
tion since the 1990s. However, the increasing global demand for
Li, coupled with its uneven distribution in the Earth’s crust,
is causing supply concerns. This necessitates the exploration
of alternative EES systems based on more abundant and readily
available elements to reduce reliance on CRMs.

Sodium-ion batteries (SIB) are a suitable alternative to LIBs since
they are based on the same working principle. Compared to Li,
Na possesses similar physical and chemical properties, higher
abundance, wider distribution around the planet, and thus lower
costs [2–4]. Unfortunately, SIB possess also lower energy density
respect to the Li counterpart, due to a lower oxidation potential
and higher atomic weight of Na, and to less optimized active
materials [5, 6]. Nevertheless, SIB are more suitable in colder
areas [7] and can still be used for stationary grid energy storage
where dimensions are not a limiting factor, or for light transpor-
tation [5, 6]. Similar to LIB, SIBs are based on the phenomenon of
Na+ ion transport back and forth during discharge/charge cycles
between a cathode and an anode separated by a suitable electro-
lyte. Different types of cathodic materials have been developed
with good results, such as layered oxides, polyanion compounds,
and Prussian blue analogues [8–10], but the anodic counterpart is
still considered the bottleneck of the system, affecting the rate of
discharge and the total coulombic efficiency [5].

Among the anodic materials [11], carbon-based structures are
considered the most promising, since already used in LIB as
graphite, but especially due to the large availability of C com-
pounds and chemical stability of its allotropes. Carbonaceous
materials are also less prone to volume expansion upon opera-
tion. Different than LIB, where Li+ ion is easily intercalated into
active materials, graphite is not applicable in SIB because of
thermodynamical instability related to the intercalation process
[12, 13]. Other phenomena are thus related to Na+ ion storage,
such as adsorption, insertion, and clustering over partially
ordered graphitic structures, called hard carbons (HC) [14–18].

HC belong to the sub-class of carbon materials unable to fully
graphitize even at the highest temperature of 3000°C [19].
This is mainly because of the precursors used for the synthesis,
characterized by a high degree of crosslinked structures that
hinder the graphitic domains’ rearrangement upon heating.
HC are thus composed of locally ordered graphitic crystallites
into an amorphous phase possessing intrinsic porosity [19].
HCs for SIB are usually produced by means of high-temperature
treatments in controlled atmosphere; the precursors used are
low-cost compounds, such as glucose and polymers, or biowaste,
subtracting carbon species that would be discarded into the atmo-
sphere as CO2 emissions, supporting thus the circular economy.
The use of biowaste within the framework of the upcoming EU
Circular Economy Act directly motivates the research on SIB
anodes by creating a demand for sustainable local resources like
secondary raw materials and a strategic reduction of dependence

on imported electroactive components. Common biomass
precursors effectively used for HC synthesis at temperatures
up to 1700°C are sugarcane bagasse, vine shoots, walnut shell,
hazelnut shells, wheat straw, bamboo, macadamia nutshell, rice
husk, peanut shells, green peas, and corncob [20–31], obtaining
performances in terms of specific capacity between 200 and
350 mAh g−1 at various galvanostatic rates. Despite the economic
and societal effects of using biowaste, biomass precursors are
particularly interesting for HC synthesis due to the presence
of cellulose, hemicellulose, and lignin, possessing intrinsic micro-
structure, channels, and crosslinked structural units that can be
retained upon high-temperature pyrolysis [5, 19]. A proper
interconnected porous structure is essential to the Na+ ion trans-
port from the electrolyte solution to the bulk of the HC, directly
affecting the performance of the system. Electronic conductivity,
in terms of graphitic content, plays also a fundamental role, along
with a suitable defectivity capable of reversible hosting the Na+

ions, and a thin stable solid electrolyte interface (SEI). It is thus
straightforward that a proper design of anodic active material is
essential to boost performance of SIB and make a step forward
towards a more sustainable and greener world.

Herein, we present a comparison of a commercial petroleum-
based HC with three HC obtained with three different waste
biomasses (bio-HC) commonly found in the Italian peninsula:
hazelnut shells, wild giant cane, and olive stones. Upon a facile
and ecofriendly synthesis procedure based on ball milling, citric
acid digestion, and pyrolysis at 1100°C, it was possible to obtain
a suitable nanostructured active material for SIB, obtaining
peculiar properties investigated in terms of morphology, porosity,
microstructure, defectivity, surface chemistry, and electrochemi-
cal performance.

2 | Results

The synthesis of the bio-HC, without any other preparation of the
precursors, started with a ball milling grinding to obtain a fine
dispersed powder. The three biomasses, hazelnut shells (HZN),
wild giant cane (CAN), and olive stones (OLV), were processed
as follows. First, they underwent autoclave digestion to facilitate
the decomposition of the natural macromolecular compounds.
This was followed by a one-step pyrolysis at 1100°C. The results
of each step were then investigated using scanning electron
microscope (SEM) to observe the morphology and evaluate
the presence of contaminants through energy-dispersive X-ray
spectroscopy (EDX). Figures S1, S2, and 1 report the SEM images
of the bio-HC obtained, respectively, after the ball milling, the
autoclave digestion, and the pyrolysis step, along with a commer-
cial hard carbon (HCcom). In Table S1–S3, the summary of the
EDX analysis is reported.

After ball milling, all three samples were successfully ground into
micrometric fragments with irregular size and shape. CAN
shows the presence of fiber-like structures, typical of the Arundo
donax wild giant cane [32]. The details at higher magnification
(Figure S1b,d,f ) clearly exhibit the presence of a dense polymer-
like film, smoothing the samples surface, likely consisting of nat-
ural compounds matrix still present in the nontreated samples.
K and Ca were revealed in traces in the ball-milled samples
(Table S1), while Si impurities (1.2 ± 0.5 wt.%) were only found
in CAN sample. The effects of citric acid digestion are clear in
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Figure S2, and all samples show rougher surfaces and increased
porosity following partial decomposition of the organic film
observed in Figure S1. Globular features are visible in the higher-
magnification images of Figure S2d,f, likely due to residual hemi-
cellulose [33]. EDX analysis reported in Table S2 revealed the

absence of contaminants after digestion except for CAN and
the C:O ratio increased, as compared to that observed for the
ball-milled samples. Figure 1 shows the samples after the pyrol-
ysis step, along with HCcom. After pyrolysis, all bio-HC samples
display increased porosity. At lower magnification, fiber-like

FIGURE 1 | SEM micrographs at different magnifications of the pyrolyzed samples and the commercial hard carbon: (a,b) HZN, (c,d) CAN,

(e,f ) OLV; (g,h) HCcom.
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structures are still visible in CAN, while HZN and OLV show
irregularly shaped particles, with OLV featuring the smallest
and finest distributed pores. Conversely, HCcom consists of large,
compact, and bulk fragments with a more homogeneous surface
texture. According to EDX results reported in Table S3, as
expected, the carbon content increased by over 95 wt.% in bio-
HC pyrolyzed samples.

To further investigate the porosity, the microstructure, the defec-
tivity, and the surface chemistry of the samples, of paramount
importance for an effective and reversible Na+ ion shuttling,
small-angle X-ray scattering (SAXS), X-ray powder diffraction
(XRD), Raman, and X-ray photoemission spectroscopy (XPS) were
carried out. The main results are summarized in Figure 2. SAXS
measurements were carried out to identify the structural differen-
ces among the samples. The SAXS intensity profiles reported in the
log–log plot (Figure 2a) show distinct trends among the samples.
HCcom exhibits a steeper intensity decay at intermediate q values,
indicative of a smoother surface morphology and lower surface
fractal dimension. This behavior is consistent with its petrochemi-
cal origin and high-temperature pyrolysis (>1500°C), which leads
to a more compact and ordered carbon matrix, as observed in SEM
images. In contrast, the bio-HC samples display higher intensity at
low q values, suggesting increased surface roughness and larger
specific surface area. This is in agreement with the SEM images,
which reveal more irregular and defective surfaces, particularly in
the CAN and OLV samples. The power-law behavior observed
in this range is typical of surface fractals and confirms the presence
of multiscale roughness, a structural trait often found in HCs

obtained from biomass via lower-temperature pyrolysis processes
(�1100°C) [34]. The Kratky representation (Figure S3), which
enhances features associated with nanopore distributions and
internal structural ordering, shows broad humps centered around
q� 2 nm−1 for all samples. This signal is attributed to the presence
of nanopores in the 2–3 nm range. The bump is more pronounced
and slightly shifted in HCcom, indicating a narrower distribution
and possibly larger pore compared to the bio-derived samples. The
broader and flatter features observed for the bio-HCs suggest a
more heterogeneous distribution of smaller pores, consistent with
a less graphitized and more disordered structure. These findings
align with previous reports highlighting that biomass-derived hard
carbons tend to possess a more complex microporous network
and higher surface roughness, which can enhance sodium storage
by providing more active sites but may also require careful elec-
trolyte tuning to control SEI formation and minimize irreversible
capacity [35]. Therefore, the SAXS data provide critical insight into
how the origin of the precursor and the processing conditions
affect the nanoscale architecture of HCs. This has direct implica-
tions for their performance as anode materials in sodium-ion
batteries [36]. XRD is a non-destructive bulk technique that is
highly useful for characterizing the structural parameters of
amorphous carbons. The XRD pattern of hard carbon typically
shows two broad diffraction peaks centered approximately at
2θ � 23° and 43°, corresponding to the (002) and (10) planes of
turbostratic carbon, respectively. These peaks are broad and of
low intensity due to the absence of long-range crystalline order
and the predominance of an amorphous structure with limited
graphitic stacking. This signature is characteristic of hard carbon

FIGURE 2 | Material Characterization comparison of the prepared samples. (a) SAXS profile, (b) XRD spectra, (c) Raman spectra, and (d) XPS survey

spectra.
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materials derived from biomass precursors, for which such broad
features and relatively large (>0.335 nm) interlayer spacings (a3)
are commonly reported [37]. For carbon materials, the Bragg
equation is used to determine interlayer distances from the posi-
tion of the (002) reflection, while the Scherrer equation provides
estimates of the stacking height and lateral size of graphene layers
[36, 38–40]. However, as mentioned above, due to the high
structural disorder in these materials, the application of Bragg
and Scherrer relations is limited: the peak broadening and asym-
metry prevent accurate determination of peak maxima, and these
equations do not account for curvature or defects that strongly
affect the structure. To overcome these limitations in analyzing
the disordered carbon materials, we employed the Ruland and
Smarsly algorithm [41], implemented via the OctCarb script, to
quantitatively analyze our XRD patterns. This approach allows
for a more accurate determination of structural parameters by
considering the entire diffraction pattern rather than relying on
isolated reflections [42]. The results of these fitting procedures
(reported in Figure S4 and summarized in Table S4) revealed a
trend in the in-plane crystallite sizes (La) of the bio-HC materials,
with HZN<OLV<CAN, while the average stack height (Lc)
was comparable among the samples. At the same time, the
average chord lengths (lm) followed a different trend with
OLV<HZN<CAN, consistent with their highly local disordered
and amorphous structures. On the contrary, the petroleum-derived
HC exhibits significantly larger La and longer lm due to the higher
degree of ordering within the sp2 domains and a more extended
aromatic network. Interestingly, regarding the interlayer spacings
(a3), the trend observed was HZN<OLV<HCcom < CAN, again
with CAN possessing the highest value of 0.381 nm. Finally, the
average C─C bond length (lcc) was found to be comparable among
all the four samples. Lastly, the average number of graphene layers
per stack (N) is maximum for HCcom (4) and slightly lower for the
bio-HC (HZN<CAN<OLV). The reduced average stacking
number (N � 3–4) is indicative of domains composed of few
graphene layers, typical of hard carbons. The higher value shown
for HCcom is consistent with the other parameters determined and
further confirms a more extended aromatic system with respect to
bio-HC.

Raman spectroscopy is useful to investigate the structural order-
ing of hard carbon materials. A typical HC spectrum exhibits two
broad bands, the D band (�1350 cm−1) representative for the
disordered region and the G band (�1580 cm−1) characteristic
of the graphitic portion [43, 44]. The G band corresponds to
the in-plane stretching vibration of sp2-bonded carbon atoms
in graphitic domains, while the D band arises from breathing
modes of aromatic rings that become Raman-active due to struc-
tural defects and finite crystallite size. The integrated area ratio
A(D)/A(G) is used as an indicative measure of the structural dis-
order: higher values indicate smaller graphitic domains and a
higher defect density. The intensity ratio I(D)/I(G) was, instead,
used to determine the average crystallite size (La), already
described above in the XRD section. The obtained Raman spectra
are shown in Figure 2c, while the full deconvolution of spectra,
managed in the interval 800–1800 cm−1, is shown in Figure S5.
The resulting parameters are summarized in Table S5. The
integrated area ratio A(D)/A(G)> 1, as well as the intensity ratio
I(D)/I(G), is typical of disordered carbon materials. The three
bio-HC exhibit high A(D)/A(G) ratios (>3), indicative of highly
disordered structures typical of non-graphitizable carbons.

Among the three samples, OLV shows the highest ratio (4.10),
suggesting the greatest defect density and the lowest degree of
aromatic ordering. HZN displays an intermediate value (3.83),
reflecting a slightly higher organization of sp2 micro-domains,
while CAN exhibits the lowest ratio (3.44), indicating a relatively
more coherent arrangement of aromatic domains. The commer-
cial HC resulted in a ratio comparable to CAN. In terms of
I(D)/I(G), again a trend is observed with the order HCcom
< HZN<CAN<OLV, confirming CAN and OLV as the most
defective in the set. The values of La obtained from Raman
spectrum deconvolution (Table S5) are compared with the ones
obtained from the deconvolution of the diffractograms (Table S4).
Raman and XRD provide complementary insights into the struc-
tural order of the HCs by probing different length scales. Raman
spectroscopy is highly sensitive to local defects, with the D-band
signal originating from disordered regions and edges, resulting in
smaller calculated domain sizes (La) that reflect local aromatic
coherence. In contrast, XRD averages over larger volumes, detect-
ing only sufficiently ordered crystallites and thus often reporting
larger domain sizes. Therefore, the same sample can appear
more disordered by Raman spectroscopy than by XRD due to
their varying sensitivities to different structural features. Based
on such assumptions, the following trend is observed: HCcom
< HZN<CAN<OLV. The results obtained from Raman seem
to show an opposite tendency respect to the ones obtained with
XRD, because Raman is highly sensitive to local defects and the
effective size of ordered sp2 domains. HCcom exhibits a larger
lateral extension of graphitic domains, as inferred from XRD,
but exhibited a smaller La value from Raman spectroscopy,
indicating a higher density of local structural defects within
the aromatic planes. Conversely, the bio-HC show smaller gra-
phitic domains according to XRD, yet a relatively larger La from
Raman, indicating fewer local defects and a more homogeneous
short-range structure.

Lastly, the analysis of the surface chemistry of the samples was
performed with XPS to evaluate the presence of contaminants,
already identified in the bulk using EDX. The comparison of
the XPS surveys of the bio-HC and HCcom is reported in
Figure 2d. As can be seen, the surface is composed predominantly
of C and O in different amounts, with the presence of Si as con-
taminant in CAN. The elemental composition (Table S6) resulted
in contents higher than 93 at.% of C, with HZN possessing the
highest amount of O (�7 at.%). The OLV and HCcom composi-
tions resulted very similar, while CAN is characterized by the
presence of 1 at.% of Si. The full deconvolution of the identified
core levels is performed according to the literature of electroactive
carbonaceous material (C1s, O1s) [45–54] and to specific Si con-
taining carbonmaterials (Si2p) [55–59]. The results are reported in
Figures S6–S8 and summarized in Table S7. In the C1s, the main
component identified is graphitic carbon (Csp2) at the binding
energy (BE) of 284.5 eV [60–62] with a content higher than
60 rel.% with OLV and Hccom reaching 70 rel.%. The second C
moiety identified is disordered sp3 C (285.5–286 eV) [63–65] with
a maximum of 9.6 rel.% for CAN. Four different O-containing
groups are also present in the BE range 286–290 eV [63–65].
Interestingly, HZN possessed the highest amount of C─OH
(12.1 rel.%) compared to ca half the amount in the other samples.
Such functional groups have been previously associated with
irreversible capacity in HC anodes for SIB [66, 67]. The remaining
groups accounted for less than 15 rel.% for all the samples.
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Lastly, regarding the CAN sample, the contaminant identified is
consistent with an oxidized form of Si, (SiOx, 103.6 eV).

As a final step of the bio-HC characterization, a full electrochemical
analysis is performed to investigate the electrochemical Na+ ions
storage capability in terms of specific capacity. The electrodes
were prepared using the 85:10:5 ratio of active material, conductive
carbon (SuperP) and carboxymethyl cellulose (CMC) in water. The
galvanostatic cycling (GC) was performed at a current density of
10 mA g−1 for at least 10 cycles, and the corresponding results
are shown in Figure 3. The sodium storage capacity inHC is known
to be influenced by the type of biomass used as precursor [68]. All
the bio-derived HCs analyzed exhibit good electrochemical perfor-
mance, summarized in Table S8. The most evident feature in the
GC curves is the difference in the sodium storage reaction mecha-
nism with different SEI formation. The HCcom displays a pro-
nounced plateau of �100 mAh g−1 at around 0.1 V vs Na+/Na,
followed by a monotonic voltage rise up to the upper cut-off limit.
In contrast, all bio-based samples show, beyond the first plateau,
an inflection point near 0.6 V vs Na+/Na, leading to a secondary
pseudo-plateau (see Plateau 2 in Table S8), as already observed
in the literature [29]. The capacity contribution in this region
increases progressively from sample HZN to CAN and OLV.
The higher the capacity in this low-voltage region, the better
the overall electrochemical performance. From the capacity vs.
cycle number plot (Figure S9), the reversible capacity of each
sample can be extracted. HZN exhibits the lowest reversible
capacity (220 mAh g−1), eventually due to the higher content of
C─O/C─OH groups evidenced from XPS, followed by both the
commercial HC and CAN (270 mAh g−1). The highest reversible
capacity, 290 mAh g−1, is achieved by OLV. Both CAN and OLV
are characterized by a higher interlayer spacing capable of better
accommodating Na+ ions, as observed in the XRD section.
The capacity loss after the first discharge, reported as a percentage

in Table S8, corresponds to the initial Coulombic efficiency
(ICE). A low ICE indicates high irreversibility, typically associated
with the formation of an SEI. In the GC curves, this first-cycle
irreversibility can be identified by a larger ohmic drop between
the first and second discharge. This effect is particularly evident
in HZN, which shows the lowest ICE (55%). The ICE increases
from CAN (67%) to OLV (76%) and HCcom (77%). To contextualize
the results, a summary of existing literature of biowaste-based HC
for SIB anodes is reported in Table 1.

The best-performing bio-based samples, CAN and OLV, were
further compared under increasing C-rates following initial cell
activation, testing at C/10, C/5, C/2, 1C, and 2C, followed by 100
cycles at 1C. This high current rate comparison is shown in
Figure S10. During the test, OLV remained the best performing
sample, although the performance gap with CAN narrowed
as the rate increased. At 1C, OLV retained a capacity of
90 mAh g−1, compared to 75 mAh g−1 for CAN. Doubling the
current to 2C reduced the difference to only 10 mAh g−1

(OLV: 65 mAh g−1; CAN: 55 mAh g−1). After 100 cycles, however,
the capacity of CAN (40 mAh g−1) slightly exceeded that of OLV
(33 mAh g−1), likely due to a gradual loss of the low-voltage
plateau, which shifted below the cut-off potential of 0.01 V vs
Na+/Na for all the HC samples [75]. The observed long-term
capacity fade arises from coupled structural and chemical
evolution revealed by XPS and SAXS. XPS indicates progressive
growth and chemical changes in the surface film—consistent
with repeated SEI rupture/reformation and ongoing electrolyte
decomposition—which consume cyclable Na and increase
interfacial resistance. SAXS reveals a reduction and reorganiza-
tion of open porosity consistent with pore narrowing, partial pore
filling, or structural collapse during cycling. These changes
reduce accessible low-energy insertion and pore-filling sites
and promote irreversible Na trapping and clustering, directly

FIGURE 3 | Galvanostatic charge/discharge cycles of Na(0)| EC+ PC, NaClO4|HC half cells at a current density of 10 mA g−1 for 10 cycles. (a) HZN,

(b) CAN, (c) OLV, (d) HCcom.
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accounting for the attenuation and disappearance of the
low-voltage plateau (linked to Na insertion into graphitic-like
domains, pore filling, and clustering) [76]. Diffusion limitations
at the applied 1C rate, together with increased transport
impedance from a thicker, less-permeable SEI, further restrict
utilization of remaining sites. Collectively, these structural and
chemical evolutions explain the irreversible capacity loss and
the specific suppression of the low-voltage plateau during
long-term cycling.

Summarizing, the electrochemical trends observed are peculiar
to the precursors used for the synthesis, especially in terms of
SEI formation and reversible specific capacity. CAN and OLV
resulted in the best bio-HC in terms of morphology, pore size,
interlayer spacing, defectivity, and surface chemistry, directly
observed with thinner SEI and higher ICE. Further investigations
are required to thoroughly characterize the peculiar behavior
observed upon GC cycling, in order to understand how to pro-
gressively improve storage capability.

3 | Conclusions

The replacement of CRM and unsustainable precursors for the syn-
thesis of electroactive materials is nowadays a hot topic needing
attention. The possibility of using waste biomasses for the prepa-
ration of anode materials for SIB could overcome the requirements

of sustainability of the outcoming Circular EconomyAct of the EU.
This work highlights the potential of tailored microstructural
design in biomass-derived hard carbons for sodium-ion batteries.
By employing a controlled synthesis process involving ball milling,
citric acid digestion, and pyrolysis, we obtained HCs from Italian
waste biomasses with specific surface areas and interlayer spacings
conducive to sodium-ion insertion/adsorption. These materials
exhibited electrochemical performance on par with commercial
hard carbon, demonstrating that the unique combination of prop-
erties arising from the biowaste precursors can be harnessed for
effective energy storage. Our results emphasize the importance
of understanding and controlling the microstructure-performance
relationship in sustainable anode materials to drive advancements
in sodium-ion battery technology.

4 | Methods

4.1 | Material Synthesis

The three samples used in this study were synthesized using
Italian biowaste resources available on the territory. Specifically,
Tonda Gentile Romana variety hazelnut shell (labeled as HZN),
Arundo donax variety wild giant cane (labeled as CAN), and
mixed variety fragmented olive stone (labeled as OLV). The syn-
thesis protocol required a 30-minute ball milling divided in two

TABLE 1 | Comparison of synthesis procedure and electrochemical performance of biowaste-based HC for SIB anodes.

Biowaste
precursor Synthesis procedure

Thermal
treatment (°C)

Reversible
capacity

(mAh g−1) ICE (%)
Stability
(cycles) Ref.

Sugarcane
bagasse

Pre and post pyrolysis
washing in H2O and ethanol

950, 6 h 212 (0.05 Ag−1) n.d. 300 [20]

Vine shoots pre-pyrolysis at 500°C +HCl
washing

1200, 2 h 259 (0.03 Ag−1) 71 315 [21]

Wheat straw Autoclave, NaOH, 180°C,
6 h. Washing, HCl, 80°C, 2 h.

700, 2 h 322 (0.2C) 39 300 [24]

Peanut Shells Post-pyrolysis washing with
10% KOH, 2 h then HCl, 2 h.

800, 2 h 320 (0.1 Ag−1) n.d. 500 [28]

Green Peas Pod pre-pyrolysis at 500°C,
5 h+ 6M H3PO4 washing

1400, 2 h 293 (0.1C) 74 100 [29]

Sisal fiber Autoclave, KOH, 160°C, 14 h 900, 1 h 265 (0.1 Ag−1) 77 400 [69]

Aegle marmelos
shell

Autoclave, H2SO4, 200°C,
48 h

900, 1000 223 (900°C),
212 (1000°C)
(0.01Ag−1)

99 2500 [70]

Pomegranate peel Acid washing with HCl and
HF

1100, 2 h 330 (0.1C) 45 200 [71]

Spent coffee grounds Autoclave, water, 250°C, 24 h 1200, 2 h 240 (C/15) 40 500 [72]

Walnut shell +
polystyrene

Pre-carbonization at
1000°C+ 700°C +

polystyrene

1200, 2 h 385 (0.05 Ag−1) 88 300 [73]

Lignin none 1500, 1 h 27 (0.04 Ag−1) 80 50 [74]

Chitosan none 1500, 1 h 25 (0.04 Ag−1) 86 50 [74]

Olive Stones Autoclave 5% citric acid,
200°C, 14 h

1100, 2 h 290 (0.01 Ag−1) 76 100 This work
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rounds with 15min rest between rounds using a SPEX Sample
Prep 8000M Mixer/Mill with 0.8mm stainless steel spheres and
a ratio of 1:6, precursor-to-spheres, followed by a 5 wt.% citric acid
(Sigma–Aldrich anhydrous, ACS reagent grade) digestion with
1:2.5 in mass of precursor to water ratio in autoclave at 200°C
for 14 h. After that, a washing and vacuum-filtration process until
neutral pH followed by 20 h muffle furnace drying at 60°C. Lastly,
a pyrolysis step performed at 1100°C for 2 h, 5°C min−1, under
50 mL min−1 Ar/H2 (Sapio Hydroplus 5 mix, H2 5%) continuous
flux until room temperature.

To compare the results obtained, a commercial Hard Carbon
was used without further modifications and labeled as HCcom.
The reference material is Carbotron P sold by Kureha battery
Materials Japan Co., Ltd.

4.2 | Material Characterization

4.2.1 | Scanning Electron Microscopy and Energy-
Dispersive X-Ray Spectroscopy

A field emission scanning electron microscope (FE-SEM) Leo
SUPRA 35, Carl Zeiss was employed for morphological inves-
tigations. Samples were observed without prior conductive
layer sputtering. EDX analyses were carried out using a
20 kV accelerating voltage. Emitted X-rays were collected using
a Ultim Max “Infinity” SDD 170 mm2 detector by Oxford
Instruments. At least three different areas were considered
for each sample (each area�0.08 mm2).

4.2.2 | Raman Spectroscopy

Raman analysis was performed with a micro-Raman spectropho-
tometer (DilorLabram, Horiba Jobin Yvon, Edison, USA),
632 nm excitation wavelength, Peltier CCD camera detector,
1800 gr mm−1 grating, and edge filter with a cut-off at 150 cm−1.

The Raman spectra were fitted using the software fityk. To deter-
mine the average crystallite size (La) from amorphous carbon,
Ferrari and Robertson (Equation (1)) modified Tuinstra and
Koenig equation that is valid for ordered graphitic carbons
and obtained [77, 78]:

La =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I Dð Þ
I Gð Þ ⋅

1
C λLð Þ

s

(1)

in which C(λL) was experimental calculated and it is equal to
C(λL) � C0 + λLC1, with C0 = −12.6 nm and C1= 0.033, valid
for 400 nm < λ L< 700 nm, in our case λL = 623 nm.

4.2.3 | X-Ray Diffraction

X-ray diffraction analysis was carried out on HC powders (dif-
fractometer SmartLab Rigaku), Cu-Kα λ = 1.54 Å, 40 kV,
30 mA. The signal was collected in the range of 2θ: 10°–90° with
a step of 0.02° and a scan rate of 0.4° min. The diffractograms
obtained were fitted using the software OctCarb [42].

The main structural parameters derived are:

• La = average graphene layer size

• Lc = average stack height

• N = average number of graphene layers per stack

• lm = average chord length

• a3 = average layer distance

• lcc = average C─C bond length

4.2.4 | SAXS

SAXSmeasurements were performed at SAXSLab Sapienza with a
Xeuss 2.0 Q-Xoom system (Xenocs SAS, Grenoble, France),
equipped with a micro-focus Genix 3D X-ray source with Cu
anode (λ = 0.1542 nm) a two-dimensional Pilatus3 R 300 K
detector, which can be placed at variable distance from the sample
and an additional Pilatus3 R 100 K detector at fixed shorter
distance from the sample (around 14 cm) and tilted at 36° to access
larger scattering angles (Dectris Ltd., Baden, Switzerland).
Calibration of the sample-detector distance was performed using
silver behenate for the small-angle region and Al2O3 for the
fixed-distance wide-angle detector. The beam size was defined
to be 0.5 mm× 0.5 mm through the two-pinhole collimation sys-
tem equipped with “scatterless” slits. Measurements with two
sample-to-detector distances (262 and 2500mm) were performed
so that the overall explored range of the scattering vector modulus
q (q= 4πsinθ/λ with 2θ the scattering angle and λ the photon
wavelength) was 0.04 nm −1 < q< 32 nm −1. The powders were
loaded within 1-mm thick washers with adhesive Kapton windows
and measured in the instrument sample chamber at reduced
pressure (�0.2mbar) at room temperature (23°C–25°C). The
two-dimensional scattering patterns collected with a total acquisi-
tion time of 0.5 h per sample were automatically corrected for
cosmic radiation features and subtracted for the “dark” counts,
and thenmasked, azimuthally averaged, and normalized for trans-
mitted beam intensity, exposure time and subtended solid angle
per pixel, using the FOXTROT software developed at SOLEIL.
The one-dimensional intensity vs. q profiles were then subtracted
for the data of the empty Kapton windows, and the three angular
ranges were merged using the tool of SAXSutilities2 [79]. The final
data were normalized by the sample thickness of 0.1 cm to obtain
intensity in cm−1 units (macroscopic scattering cross section).

4.2.5 | XPS

The X-ray photoelectron spectroscopy (XPS) analysis was
performed in ultrahigh vacuum (UHV, <10−10 mBar) using a
SPECS PHOIBOS 150 XPS system equipped with monochromatic
Al Kα (1486.6 eV) X-ray source and high-speed imaging 2D
CMOS true counting detector. The system was calibrated using
the Au4f spectrum at 84 eV. The samples were prepared over a
stainless-steel custom made multisample holder. The full survey
and C1s, O1s, Na1s, and Si2p core levels were recorded for each
sample. The passing energy was set to 20 eV. The fittings were
performed using Kalibri KolXPD software.

4.3 | Electrochemical Testing

The HC anodes were prepared by mixing the active materials
with super P (as conducting material), carboxymethylcellulose
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(CMC) solution in water (as binder) in a weight ratio of 85:10:5 to
obtain the slurry mixture. The slurry was spread on aluminum
foil by using a doctor blade set at 200 μm thickness. Hereafter, the
aluminum-coated foil was dried in an oven at RT for around 3 h
and cut into a round electrode of 10 mm diameter. The electrodes
were dried overnight into a Büchi oven at 170°C under vacuum
for 24 h, then transferred into an Ar-filled glove box (Jacomex
GP-Concept) to assemble cells (coin cells 2032) in an inert atmo-
sphere (H2O, O2< 1 ppm).

HCs electrochemical performances have been investigated in half
cells set up with a sodium metal as counter electrode. Whatman
glass fiber disks were used as separators soaked with 100 μL of
electrolyte solution composed of NaClO4 1M in a mixture of eth-
ylene carbonate (EC) and propylene carbonate (PC) in a weight
ratio EC:PC= 1:1.

The cells were electrochemically tested by galvanostatic cycling
(CG) at 10 mA g−1 and then using different C-rates (C/30, C/10,
C/5, C/2, 1C, 2C with 1C= 300 mAh/g). After that, 100 cycles at
1C are performed. For the tests, a cutoff voltage between 10 mV
and 2.2 V was used.

The extrapolated data are obtained from three different tests,
averaged and reported in standard deviation.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. The supporting information is attached.
Supporting Fig. S1. SEM micrographs at different magnifications of
the ball milled bio-HC precursors: (a–b) HZN, (c–d) CAN, (e–f ) OLV.
Dimensions: a-c-e 10 μm, b-d-f 1 μm. Supporting Fig. S2. SEM micro-
graphs at different magnifications of the autoclave digested bio-HC pre-
cursors: (a–b) HZN, (c–d) CAN, (e–f ) OLV. Dimensions: a-c-e 10 μm,
b-d-f 1 μm. Supporting Fig. S3. Krakty plot of the SAXS profiles of
the prepared samples and commercial HC. Supporting Fig. S4. Full
deconvolution of the XRD spectra of the prepared samples. (a) HZN,
(b) CAN, (c) OLV, (d) HCcom. Supporting Fig. S5. Deconvolution of
the Raman spectra of the samples. (a) HZN, (b) CAN, (c) OLV,
(d) HCcom. Supporting Fig. S6. Full deconvolution of the C1s core lev-
els of the prepared samples. (a) HZN, (b) CAN, (c) OLV, (d) HCcom.
Supporting Fig. S7. Full deconvolution of the O1s core levels of the pre-
pared samples. (a) HZN, (b) CAN, (c) OLV, (d) HCcom. Supporting
Fig. S8. Full deconvolution of the Si2p core level of the CAN sample.
Supporting Fig. S9. Specific capacity and coulombic efficiency (CE)
vs cycles comparison (a) HZN, (b) CAN, (c) OLV, (d) HCcom.
Supporting Fig. S10. C-Rate comparison between the sample
(a) CAN, (b) OLV. Supporting Table S1. Elemental composition
(wt%) of the ball milled precursors obtained via EDX analysis. 1wt%
uncertainty is to be considered for all reported data. Supporting
Table S2. Elemental composition (wt%) of the digested precursors
obtained via EDX analysis. 1wt% uncertainty is to be considered for
all reported data. Supporting Table S3. Elemental composition (wt%)
of the pyrolyzed samples and commercial HC obtained via EDX analysis.
1wt% uncertainty is to be considered for all reported data. Supporting
Table S4. XRD parameters related to the structural features of
Hard Carbon samples, fitted with OctCarb. Supporting Table S5.
Deconvolution of the Raman spectra of the pyrolyzed samples and com-
mercial HC. Supporting Table S6. XPS surface elemental composition of
the prepared samples. Supporting Table S7. XPS chemical speciation of
the identified elements for the prepared samples. Supporting Table S8.
Electrochemical performance values and plateau comparison. Reversible
capacity (Qrev) and initial coulombic efficiency (ICE).
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