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Abstract. It is widely accepted that hard carbon (HC) represents a particularly promising anode material for sodium-ion batteries (SIBs). Its disordered structure facilitates the insertion of Na*
ions into nanopores and surface adsorption on defects and edges, with a concomitant increase in the material's specific capacity compared to graphite. Nevertheless, the production of HC
relies on oil-based byproducts subjected tol_i)&/roly&s at temperatures as high as 1600°C, a process that undermines the environmental sustainabili X\Of SIBs. Many studies have focused on
the use of biomass-derived precursors for synthesis (bio-HC) fostering sustainability into materials with tailored porosity and functionality [1-4]. A variety of waste biomass samples from
corn cobs, apricots, slu_Parcane, peanuts, etc. have been utilised in the Broductlon of anodes for SIBs [1], %lleldl_n_g a range of outcomes with respect to capacity and cycling stability. Notably,
the most efficient bio-HC was achieved at temperatures higher than 1300°C. In the context of an energy transition that prioritizes affordable and environmentally sustainable methodologies
over conventional processes that are known to have environmental impacts, there is a clear need for rigorous research on the preparation of HC at lower temperatures. The study herein

resents the findings of the identification, among waste biomasses largely available in the Italian peninsula, of a suitable precursor for the preparation of bio-HC at temperatures of 1100°C.

sing wild giant cane (Arundo donax), hazelnut shells, and olive stones is possible to prepare anodes for SIBs with interesting properties in terms of microstructure, porosity, and surface

chemistry. The results have been compared with a commercial pitch-based HC.
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SEM.

HZN: Irregularly shaped coarse particles;
after pyrolysis, increased porosity respect
to OLV.

CAN: Retains fiber-like structures; after
pyrolysis Si impurities detected via EDX.
OLV: Irregularly shaped particles featuring
small and finely distributed pores.
HCcom: Large, compact, and bulk
fragments; homogeneous surface texture;
lower porosity compared to bio-HCs.
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HZN, CAN, OLV: Higher intensity at

ow q values -2 increased surface roughness,
arger specific surface area, and
neterogeneous distribution of smaller pores
(less ordered structure).

HCcom: Steeper intensity decay = smoother
surface morphology, narrower pore distribution
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(potentially larger pores), consistent with a
more compact and ordered carbon matrix.

XRD.

RAMAN.

XPS

All Samples: A(D)/A(G) ratios >> 1, typical of disordered carbons (OLV > HZN > CAN = HCcom).

HZN: Smallest in-plane crystallite sizes (L,) and interlayer spacing (a;) among bio-HCs (but still larger than typical graphite).
CAN: Possesses the highest interlayer spacing (a; = 0.381 nm) of all samples, ideal for Na™ insertion.
OLV: Intermediate interlayer spacing (0.372 nm) (higher than HZN (0.365 nm), lower than HCcom (0.377 nm) and CAN).
HCcom: Highest degree of ordering: larger L_, longer | ., and a higher number of graphene layers per stack (N = 4 vs. ~3 for bio-HCs).

 HZN: Contains the highest oxygen content (~7 at.%) and the highest percentage of C—OH groups (12.1%), correlated with higher irreversible capacity.
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CAN: Contains about 1% Silicon (as SiOx) as a contaminant; highest percentage of disordered sp?® carbon (9.6%).
OLV: Composition very similar to HCcom; high graphitic carbon content (Csp? ~70%).
HCcom: High graphitic carbon content (Csp? ~70%), low oxygen content, no significant contaminants detected.

Electrochemical Performance.
CR2032, (85-10-5 AM-SupP-CMC), EC:PC:NaCIO,,

10 mAg™:

samples;

to HC-com:;

Visible differences in SEI formation among
Bio-HC have an additional quasi-plateau compared

Reversible Capacity of CAN and OLV are

comparable with HC-com.

Conclusions. The possibility of using waste biomasses for the preparation of anode materials for SIB could overcome the requirements of sustainability of the outcoming Circular Economy Act 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 properties arising from the biowaste precursors can be harnessed for effective energy storage.
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