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In the last decades, the use of biochar has been receiving increasing attention for the development of electro-
chemical energy storage devices. In this work, the waste hazelnut shell biomass, a low cost and abundant
agriculture residue within our territory, was valorized as feedstock for the synthesis of alkali-derived activated
carbons, which were properly characterized and electrochemically tested, in the perspective of their use as new
electrode material in energy storage applications. Two activated carbons have been identified as promising
materials for this application and their electrochemical performances were further improved by including a
doping step with copper (I) oxide, achieving the best specific capacitance of 123 F/g. Moreover, one of the two
most promising activated carbons was tested in an EDLC symmetric device outperforming, at low power rates,
reference materials in terms of specific energy density, reaching the value up to 40 Wh/kg, due to its remarkable
specific capacitance of 55 F/g. In summary, this work proposes a sustainable and low energy demanding
approach to transform waste biomasses into high value activated carbon materials for energy storage applica-
tions. The strategy not only promotes the reuse and valorization of hazelnut shell waste biomass, but it also
supports a circular model with promising environmental and economic advantages.

1. Introduction

The global demand for energy is steadily increasing, driving intense
research into alternative and renewable energy sources, particularly
those derived from waste materials, such as biomasses (Bhat et al.,
2023). Within the clean energy landscape, electrochemical energy plays
a pivotal role in replacing fossil fuels. In this context, devices such as

solutions, each relying on distinct electrochemical conversion mecha-
nisms. Among these, SCs are gaining growing attention due to their high
specific capacitance (Cg), long cycle life, high power density, low
maintenance, absence of memory effect and improved safety (Lobato-
Peralta et al., 2024; Poonam et al., 2019). SCs are generally classified on
their charge storage mechanism into electric double-layer capacitors
(EDLCs) and pseudocapacitors (Yuan et al., 2024). In EDLCs the energy

supercapacitors (SCs), batteries and fuel cells have emerged as efficient is stored via the electrostatic accumulation of ions at the electrode/
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Activated carbons; CNTs, Carbon nanotubes; HTC, Hydrothermal carbonization; MOFs, Metal-organic frameworks; COFs, Covalent organic frameworks; HS, Hazelnut
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EC, Ethylene carbonate; DMC, Dimethyl carbonate; VC, Vinylene carbonate; LP30, 1 M LiPFg in EC : DMC 1:1 (v:v) + 2 wt% VC; TEABF,, Tetraethylammonium
tetrafluoroborate; PC, Propylene carbonate; CuOAc, Copper (II) acetate; SEM-EDS, Scanning electron microscopy-Energy dispersive spectroscopy; BET, Brunauer-
Emmett-Teller; NLDFT, Non-local density functional theory; ICP-OES, Inductively coupled plasma optical emission spectroscopy; XRD, X-ray diffraction; NMP, N-
methyl-2-pyrrolidone; CV, Cyclic voltammetry; GCD, Galvanostatic charge-discharge; EIS, Electrochemical impedance spectroscopy; Vmicro, Micropore volume;
Amicro, Micropore area; Vi,eso, Mesopore volume; Ay, External area; ACN, Acetonitrile.

* Corresponding author at: Department of Chemistry and Industrial Chemistry, University of Pisa, Via G. Moruzzi 13, 56124 Pisa, Italy.

E-mail address: claudia.antonetti@unipi.it (C. Antonetti).

https://doi.org/10.1016/j.wasman.2026.115363

Received 4 September 2025; Received in revised form 14 December 2025; Accepted 19 January 2026

Available online 29 January 2026

0956-053X/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).


https://orcid.org/0009-0004-5223-1940
https://orcid.org/0009-0004-5223-1940
https://orcid.org/0000-0003-1304-9893
https://orcid.org/0000-0003-1304-9893
https://orcid.org/0000-0003-0031-5531
https://orcid.org/0000-0003-0031-5531
https://orcid.org/0000-0002-9285-1595
https://orcid.org/0000-0002-9285-1595
https://orcid.org/0000-0003-0290-5359
https://orcid.org/0000-0003-0290-5359
https://orcid.org/0000-0003-3883-2753
https://orcid.org/0000-0003-3883-2753
mailto:claudia.antonetti@unipi.it
www.sciencedirect.com/science/journal/0956053X
https://www.elsevier.com/locate/wasman
https://doi.org/10.1016/j.wasman.2026.115363
https://doi.org/10.1016/j.wasman.2026.115363
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wasman.2026.115363&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Volante et al.

electrolyte interface, whereas pseudocapacitors operate through rapid,
reversible redox reactions, involving faradaic charge transfer between
electrode and electrolyte (Poonam et al., 2019). When SCs and batteries’
electrodes are combined in the same device or when SCs and batteries’
materials are combined in the electrode, the resulting device is called
hybrid capacitors (HCs), which simultaneously offer high energy and
high power densities (Wang et al., 2021; Mascarenhas et al., 2023).

Carbon-based materials are widely used in EDLC electrodes due to
their high specific surface area (SSA), chemical stability and electrical
conductivity. Among them, carbon aerogels (Pedico et al., 2018), acti-
vated carbons (ACs) (Lan et al., 2020), carbon nanotubes (CNTSs)
(Dangbegnon et al., 2023) and graphene (Reina et al., 2023) are the
most common ones and in particular ACs obtained from biomasses are a
promising solution in a circular economy perspective. In fact, biomass is
attracting high interest and has proven to be a promising alternative as a
renewable source of many carbon-based materials, being characterized
by a carbon backbone that allows for its effective use in various scientific
and technological applications (Hegde and Bhat, 2023). Adopting
different thermal treatments, biomass can be converted into bio-carbons
(or “biochars™), whose properties depend on the feedstock composition
and processing conditions (Inagaki et al., 2010; Poonam et al., 2019).
Two widely studied thermal processes for biomass conversion are py-
rolysis and hydrothermal carbonization (HTC), but these often result in
limited SSA (Borchardt et al., 2014; Poonam et al., 2019; Yuan et al.,
2024). To enhance porosity and performances, physico-chemical acti-
vation is typically required (Yuan et al., 2024; Hegde et al., 2024).
Physical methods involve gases such as steam or CO,, while chemical
activation uses agents such as HsPO4, KOH, and ZnCly (Poonam et al.,
2019; Gao et al., 2020). Among these, KOH has emerged as the preferred
activating agent, producing ACs with high SSA and well-tuned micro/
mesoporous structures, fundamental aspect for EDLC functional role
(Poonam et al. 2019; Yuan et al. 2024). In this context, a wide range of
biomass wastes have been investigated for the preparation of ACs
intended for energy storage application, due to their easy availability,
less complex preparation processes compared to other materials and
good electrochemical performances, mainly evaluated in terms of Cs,
which generally resulted in the range 200-400 F/g, as reported in
Table S1 (Hegde and Bhat, 2023; ElImouwahidi et al., 2017; Subramani
et al,, 2017; Yang et al., 2019; Zhan et al., 2021a). In this regard,
interesting studies were performed by adopting KOH as the activating
agent starting from wood sawdust, peanut shell, orange peels and Tas-
manian blue gum, reaching in all cases good C; (Tests 1-4, Table S1). A
notable example is reported by Yang et al. (Yang et al., 2019), who used
wood sawdust as starting feedstock to produce ACs via HTC (pre)-
treatment in the presence of KOH, followed by thermal pyrolysis treat-
ment (Test 1, Table S1). The obtained AC was electrochemically tested
using a three-electrode workstation in KOH 6 M electrolyte, achieving
the high Cs of about 300 F/g at 1 A/g. Another promising study,
employing KOH as activating agent, is performed by Zhan et al. (Zhan
et al., 2021b) who proposed peanut shells as starting feedstock, pre-
liminary carbonized at 600 °C and then chemically activated at 800 °C
(Test 2, Table S1), achieving the highest Cs value of about 340 F/g at 1
A/g in a three-electrode system with 6 M KOH. In addition to the most
used KOH, other activating agents have been reported in the literature,
such as H3PO4 and K>COs, employed respectively starting from olive
residues and coconut shell, achieving lower Cq than those obtained with
KOH (Tests 5-6, Table S1).

Today one abundant waste biomass yet underutilized for energy
storage applications is hazelnut shell (HS), a waste product constituting
over 50 wt% of the hazelnut, with global production exceeding 585,000
tons in 2023 (Statista, 2025; Pérez-Armada et al., 2019). HS wastes are
highly concentrated in the European union territory due to their intense
production in Turkey and Italy, that is respectively 64 and 8% of global
production in 2021 (Hazelnut Hub, 2025). HS has been up to now valued
for heat or chemicals production (Licursi et al., 2023) and more recently
for the synthesis of ACs for energy devices. In this regard, Xie et al. (Xie
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et al., 2021) reported the high Cs of 240 F/g from HS using a multi-step
activation combining KOH and Zn(NOs),, reaching SSA values of 1096
m?/g. This performance aligns with top commercial EDLCs (~250 F/g)
(Olabi et al., 2023), for which, however, the energy density remains a
limit, reaching values about 2.3-8 Wh/kg (Pathak et al., 2024) in
comparison to 200-300 Wh/Kg for lithium ion batteries, highlighting
the need for further improvements (Poonam et al., 2019; Pathak et al.,
2024). To overcome the limitations of ACs, researchers have explored
pseudocapacitors, incorporating metal oxides, such as RuO; (Zheng
et al., 1995) and IrO5 (Beknalkar et al., 2021), both capable of reaching
C; values of about 700 F/g and considered in literature, up to now, as
two of the best examples. Other metal oxides have been explored,
including NiO, MnO5 and Fe;O3 (Zhan et al., 2021b; Aziz and Shah,
2023), however the use of these oxides as the only component of the
electrode may involve limitations since they exhibit low conductivities,
which reduce their efficiency during fast charging/discharging, nega-
tively affecting both the rate performances and Cs (Chen and Xue, 2013).
In addition to transition metal oxides, other materials have also been
considered for electrode fabrication, such as metal-organic frameworks
(MOFs), covalent organic frameworks (COFs) and conductive polymers
(Bhojane, 2022). These materials, similar to metal oxides, also show
several disadvantages when used as bulk electrode materials, mainly
due to their low intrinsic electrical conductivity and limited stability
under repeated cycling (Sajjad and Lu, 2021; Ansari et al., 2024; Dal-
laev, 2025). For this reason, one possible solution is to obtain composite
materials including metal oxides, MOFs, COFs or conductive polymers
or use the last ones as doping agents for AC, thus achieving a more stable
material (Sajjad and Lu, 2021; Ansari et al., 2024; Dallaev, 2025).
Among emerging options, copper oxides, only preliminary discussed in
literature, offer a promising balance of cost, conductivity, high theo-
retical pseudocapacitance and good availability (Aziz and Shah, 2023;
Chen and Xue, 2013; Moosavifard et al., 2015). However, copper oxides
suffer from agglomeration and degradation during cycling (Aziz and
Shah, 2023), but combining them with ACs, it is possible to exploit
synergistic effects of redox activity enhancement of copper oxides and
mechanical degradation mitigation of ACs, thus improving device life-
span (Aziz and Shah, 2023). In this context, Saravanakumar et al.
(Saravanakumar et al., 2019) claimed the highest C; of 600 F/g
employing the composite material made up of mesoporous carbon
together with copper (II) oxide. However, such high C; requires the
employment of a high CuO loading (22 wt% as Cu), whereas the AC
component plays only a minor role. Zhan et al. (Zhan et al., 2021b) also
employed CuO as doping agent for a peanut shell-derived AC, where in
this case, AC represented the main component of the electrode (5 wt% as
Cu), claiming the highest capacitance of 500 F/g. Although the very
good values obtained for Cg, the synthesis of this Cu-doped AC was
performed adopting three cascade steps: 1) a carbonization one (pyrol-
ysis at 600 °C for 3 h), 2) a KOH activation one (800 °C for 2 h) and 3) a
calcination one (310 °C for 2 h), overall resulting in a highly-energy
demanding procedure (Zhan et al., 2021b). Based on the above discus-
sion, the present study explores in energy storage applications the use of
the waste HS biomass-derived biochars, synthesized according to our
previous work (Licursi et al., 2023) adopting a milder three-step thermal
protocol: 1) HTC (220 °C, 5 h), 2) pyrolysis (600 °C, 1 h), and 3) acti-
vation pyrolysis (600 °C, 1 h), yielding several types of biochars,
including, hydrochars, pyrochars and ACs depending on the performed
steps. This approach is less energy-intensive than Zhan’s (Zhan et al.,
2021b), especially in terms of temperature. The 3-step procedure
enabled us to obtain the AC called PYRO-AC, and then two other ACs
were produced: HS-AC (direct activation of raw HS) and HTC-AC
(activation of HTC-derived char), as shown in Fig. 1. In addition, a
non-activated pyrochar (HTC-PYRO) was also considered for compari-
son. All the synthesized samples were electrochemically tested, and the
best ones were further modified with copper oxides doping, exploiting a
synergy rarely studied in literature for improved performances, paying
attention to the structural properties of the obtained materials.
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Fig. 1. Proposed strategies for the synthesis of ACs from hazelnut shells from a cascade approach with the intermediate production of hydrochars and pyrochars: HS-
AC from raw biomass; HTC-AC from hydrochar (HTC); PYRO-AC from pyrochar (HTC-PYRO). In addition, the pyrochar HTC-PYRO from pyrolysis of hydrochar
(HTC) was also considered. Reaction conditions: a) activation pyrolysis: precursor/KOH weight ratio of 1/4, heated at 600 °C for 1 h under 500 mL/min N flow; b)
hydrothermal carbonization: biomass loading of 20 wt% heated at 220 °C for 5 h; c) pyrolysis: heated 600 °C for 1 h under 500 mL/min N, flow.

Definitely, this study shows an environmentally sustainable and low
energy demanding cascade approach of increasing complexity to valo-
rize HS in energy storage applications, resulting an example of circular
economy approach. In particular, the present research effectively dem-
onstrates the conversion of an agro-industrial by-product into a high
functional material with promising electrochemical performances,
highlighting the importance of resource recovery and the promotion of
sustainable practices.

2. Materials and methods
2.1. Materials

HS biomass of Tonda Gentile Romana variety was kindly provided by
Stelliferi-Itavex S.p.A., Caprarola, Viterbo (VT), Italy. According to our
previous work (Licursi et al., 2023), this biomass is composed of cellu-
lose (22.9 wt%), hemicellulose (23.5 wt%), Klason lignin (37.6 wt%),
uronic acids (5.0 wt%), ash (1.4 wt%), ethanol-extractives (1.4 wt%)
and others (8.2 wt%). Potassium hydroxide, sodium hydroxide, copper
(II) acetate, hydrochloric acid and polyvinylidene fluoride (PVDF, Mw
~ 530.000) were purchased from Sigma-Aldrich. Potassium nitrate was
purchased from Carlo Erba. 1-Methyl-2-pyrrolidinone (NMP) and car-
bon black acetylene were purchased from Thermo Scientific Chemicals.
Nickel foam (surface area of 420 mZ/g and 1.6 mm thickness) was
purchased from Tecnasa S.L. Madrid, Spain. Styrene butadiene rubber
(SBR) and sodium carboxymethyl cellulose (CMC) were purchased from
MIT Corporation. Lithium hexafluorophosphate (LiPFg) solution 1 M in
ethylene carbonate (EC): dimethyl carbonate (DMC) 1:1 (v:v) + 2 wt%
of vinylene carbonate (VC) solvent mixture (LP30) was provided by
Solvionic, the tetraethylammonium tetrafluoroborate (TEABF,4) was
purchased by IoliTech, the solution in propylene carbonate (PC) and the
Whatman glass fiber of grade D were provided by Sigma-Aldrich. All
materials were used as received, without any pretreatments.

2.2. Synthesis of pristine and doped ACs

2.2.1. Synthesis of pristine ACs

Pristine ACs (HS-AC, HTC-AC and PYRO-AC) were synthesized
starting from different carbon precursors, according to the chemical
activation pyrolysis procedure already described in our previous work
(Licursi et al., 2023). In details, for the activation pyrolysis, KOH, used
as activating agent (precursor/KOH ratio = 1/4 wt/wt), was mixed
directly with the selected precursor, working under the constant N flow
of 500 mL/min, employing the heating rate of 10 °C/min up to the set-
point temperature of 600 °C, held at that value for 5 min. In a standard
preparation, 2 g of carbon precursor were mixed with 8 g of KOH. All
these ACs were washed with 10% (v/v) HCI, then by deionized water up

to neutrality and lastly dried at 105 °C up to constant weight. Specif-
ically, HS-AC sample was prepared by performing the activation pyrol-
ysis directly on the starting biomass. HTC-AC sample required an HTC
step performed for 5 h at 220 °C with the initial biomass loading 20 wt%
(Licursi et al., 2017) before the activation pyrolysis, adopting for the
HTC 37.5 g of starting biomass in 150 ml of water. Then, PYRO-AC was
synthesized adding a further pyrolysis step, before the final activation
pyrolysis, of the previous HTC sample, adopting for the added pyrolysis
treatment the same reaction condition of the activation pyrolysis, but in
the absence of the activating agent, which means in a standard prepa-
ration 2 g of carbon precursor with 8 g of KOH. Lastly, the HTC-PYRO
sample was prepared performing the HTC treatment followed by the
pyrolysis one, without the final activation pyrolysis procedure, both
HTC and pyrolysis steps performed under the standard reported
conditions.

2.2.2. Synthesis of Cu-doped ACs

The synthesis of Cu-doped ACs was performed with a slight modifi-
cation of the procedures adopted by Saravanakumar and Zhan
(Saravanakumar et al., 2019; Zhan et al., 2021b), using copper (II) ac-
etate (CuOAc) as the copper precursor. In particular, 45 mg of CuOAc
were dissolved in 10 mL of deionized water, then this solution was added
to a round bottom flask containing 0.3 g of the selected AC and the
resulting suspension was kept under constant stirring for 30 min. Af-
terwards, 2.5 mL of a 2 wt% NaOH solution were added to reach pH = 10
and the resulting suspension was stirred for 6 h at room temperature. At
the end of this impregnation time, the product was recovered by
centrifugation (15 min at 4000 rpm) and washed with deionized water
up to neutrality. The resulting solid was subsequently heated in a muffle
furnace at 150 °C for 2 h, in order to obtain the final Cu-derived product.
Two Cu-doped ACs were synthesized according to this procedure: Cu-
HTC-AC and Cu-PYRO-AC.

2.3. Physical chemical characterizations

Scanning electron microscopy (SEM-EDS) characterization was car-
ried out using a FEI Quanta 450 FEG scanning electron microscope,
equipped with a QUANTAX/EDS analysis system and QUANTAX XFlash
Detector 6|10. The instrument operated under high vacuum conditions
(< 6e Pa).

N, sorption isotherms were measured on Quantachrome Autosorb 1C
instrument at 77 K on electrodes (active material onto current collector)
previously outgassed at 200 °C for at least 4 h, to remove water and
other atmospheric contaminants. From Ny isotherms, the Brunauer-
Emmett-Teller (BET) specific surface area (SSA) was measured by the
multi-point method, working within the relative pressure (P/P0) range
of 0.05-0.15. Micropore areas were calculated from the cumulative
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surface area curves, obtained by the non-local density functional theory
(NLDFT) method (kernel for nitrogen adsorption at 77 K onto carbon
slit-pores). Microporous volume and external surface area were calcu-
lated by the t-plot statistical thickness method, using a CB thickness
equation (fitted thickness range 0.35-0.44 nm).

Elemental analysis for the quantification of C, H, N and O content
was performed using a Vario MICRO cube instrument (Elementar)
equipped with a thermal conductivity detector. Oxygen content was
calculated by difference, O (%) = 100 (%) — C (%) — H (%) - N (%) — ash
(%).

Proximate analysis was carried out using a Q500 TA Instruments
thermogravimetric analyzer. About 12 mg of each sample were weighed
and heated to determine moisture and volatile matter, increasing the
temperature from 30 to 900 °C, at the heating rate of 20 °C/min, under
100% of nitrogen flow. For the determination of fixed carbon and ash
contents, the sample was then cooled from 900 to 800 °C under a ni-
trogen (40% v/v) and air (60% v/v) flow.

Inductively coupled plasma optical emission spectroscopy (ICP-OES)
was performed using an ICAP 7000 series instrument (Thermo Fisher
Scientific, USA) to determine the effective Cu content. The Cu-HTC-AC
and Cu-PYRO-AC samples were previously microwave digested with
HNOj3 and Hy0s. In detail, the samples were heated to 80 °C, then to
110 °C, 130 °C and 160 °C, maintaining each temperature for 3 min.
Finally, they were heated to 180 °C with a holding time of 20 min.

Micro-Raman spectroscopy was performed by using a Renishaw
InVia Qontor Raman microscope. A laser diode source (A = 514 nm) was
used with 5 mW power, and sample inspection occurred through a mi-
croscope objective (20 x ), with a backscattering light collection setup.
The Raman spectra were acquired in the range 140-2800 cm ™. Data
analysis and baseline corrections were performed by means of Fityk
software (Wojdyr, 2010).

X-ray diffraction (XRD) measurements were carried out using a
PANalytical Empyrean MRD Pro powder diffractometer equipped with a
1D PIXcel detector (Malvern PANalytical, United Kingdom). Diffracto-
grams were collected in Bragg-Brentano reflection mode using Cu Ko
radiation, at an operating voltage of 40 kV and a tube current of 30 mA.
The instrumental broadening was calculated using the Caglioti equation
based on the reflections of a standard LaB6 powder (NIST660a). Mea-
surements were carried out in continuous mode with a step size of 20 =
0.0262° and a data time per step of 2000 s for all samples. MAUD
software was used for quantitative analysis and refinement. The cif card
matching the diffraction pattern of the copper oxide and the aluminum
oxide in the composite are from COD database (Cu0: 1,010,963 and
Aly03: 9009680). The two broad peaks linked to the carbonaceous
matrix of the samples were considered part of the background in the
Rietveld refinement.

2.4. Electrochemical characterizations

The electrochemical evaluation involved various preparation
methods and instrumentation setups. Reference and counter electrodes
included Ag/AgCl and Pt wire, respectively. Electrolytes consisted of
aqueous solutions of KOH and KNOj (each 2.5 M), as well as organic
ones LP30 and 1 M TEABF, in PC.

Concerning the electrochemical tests in aqueous electrolytes, nickel
foam (1 x 1 cmz) current collector was treated in 0.1 M HCI using an
ultrasonic bath for 1 h to remove surface oxides, then rinsed sequentially
with acetone, ethanol and deionized water for three times. A slurry was
prepared by mixing biochar (80 wt%), CB (10 wt%) and PVDF (10 wt%)
in NMP (1 mL). This slurry was deposited on nickel foam and oven dried
at 80 °C for 24 h. Concerning the electrochemical tests in organic elec-
trolytes, copper and aluminum foil current collectors were coated using
the doctor blade technique. The slurry was made by dissolving CMC in
deionized water at 60 °C (0.1 mL water per 1 mg CMC), followed by
gradual addition of CB and the selected active material under contin-
uous stirring. After 2 h of mixing, SBR was added and stirred for an
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additional 2 h. The final slurry composition was active material (85 wt
%), CB (10 wt%) and a 5 wt% binder blend (CMC:SBR = 1:2 wt/wt).
Coated electrodes were air-dried, punched into 12 mm diameter discs
for Swagelok T-cell testing and 16 mm for standard coin-cell 2032
format device tests. The electrode puncher was the pneumatic die cutter
MSK-180S provided by MTI corp. The electrodes were vacuum dried at
120 °C for 8 h and transferred to a glove box for final processing under
an argon atmosphere and cell assembly.

Electrochemical measurements were performed using an Autolab
PGSTAT302N and BioLogic VMP3 instrument. Tests included cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD) and electro-
chemical impedance spectroscopy (EIS). CV was performed across
varying potential windows and scan rates depending on the electrode
system detailed in the following section. GCD tests were carried out on
the individual positive and negative electrodes within their respective
potential windows (1 to 0 V and —1 to 0 V) at the constant current of
0.03 A for 10 cycles. For EDLC applications, GCD measurements were
carried out at 0.1-2.0 A/g to evaluate rate capability and at 1.0 A/g to
assess cycling stability. The calculation of Cg by CV and GCD measure-
ments is reported in the Supplementary Material. EIS was performed
using a 5 mV sinusoidal signal over a frequency range from 1 MHz to 10
mHz.

3. Results and discussion

3.1. HS-derived biochars: physicochemical characterization and
electrochemical behavior with aqueous electrolytes

The HS-derived biochars were initially synthetized and character-
ized. The samples HTC, HTC-PYRO and HS-AC were prepared according
to our previous work (Licursi et al., 2023), whereas HTC-AC and PYRO-
AC were synthesized and characterized for the target application (see
Material and Methods). At the beginning, the morphological properties
were evaluated for all the samples through SEM analysis. The SEM im-
ages of the precursors (HTC and HTC-PYRO) of the ACs together with
the two ACs (HS-AC and PYRO-AC) were presented in our previous work
(Licursi et al., 2023), whereas the SEM image of the HTC-AC sample is
reported in Fig. S2 for completeness. The structure of the synthesized
ACs (HS-AC, HTC-AC and PYRO-AC) is different to that of their corre-
sponding precursors, exhibiting a finer structure and a more developed
porosity, with a greater tendency toward micropore formation. The
superficial properties also were evaluated, as shown in Table 1, under-
lining different values of SSA, micro- and mesopore volume, thus
highlighting the impact of different treatments. The Ny isotherm of new
ACs (HTC-AC and PYRO-AQ), together with the corresponding cumu-
lative pore volumes and the pore size distribution are reported in Fig. S3.
HTC exhibits the lowest SSA (11 m?/g) and limited mesoporosity, as
indicated by its low mesopore volume (0.066 cm®/g). In contrast, the
subsequent pyrolysis treatment (HTC-PYRO) increases the SSA to 388
m?/g and promotes the development of a porous structure, as evidenced
by a higher mesopore volume and the presence of microporosity. The
subsequent chemical activation with KOH of the starting feedstock and
the obtained biochars, resulted in the formation of the corresponding
ACs (HS-AC, HTC-AC and PYRO-AC) which exhibited higher SSAs equal
to 815, 1155 and 710 m?/g, respectively, compared to their corre-
sponding precursors. Moreover, an increase in micropore volume and
area is observed for the ACs samples compared to their corresponding
precursors (Viicro = 0.285 cmS/g; Amnicro = 721 mz/g for HS-AC versus
HS; Viicro = 0.454 cm3/g; Anicro = 790 mz/g for HTC-AC versus HTC
and Viiero = 0.293 cm®/g; Amicro = 511 m?%/g for PYRO-AC versus HTC-
PYRO). Together with the increase in micropore volume and area in AC
samples, a decrease in mesopore volume is observed (from 0.066 to
0.061 cm®/g from HTC to HTC-AC and from 0.075 to 0.041 cm>/g from
HTC-PYRO to PYRO-AC). These findings indicate that sequential heat
treatment induces the development of a microporous structure, a key
characteristic for this application.
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Table 1
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Superficial properties (external area, mesopores volume, micropores area, micropores volume, SSA), ultimate analysis and proximate analysis of HS, HTC, HTC-PYRO,
HS-AC, HTC-AC and PYRO-AC. Note: n.d. = not determined (absent in the sample); * samples characterized in our previous work (Licursi et al., 2023).

Characterizations Starting feedstock Biochar Activated carbons
HS* HTC* HTC-PYRO* HS-AC* HTC-AC PYRO-AC
Superficial properties Area.,; [m?/g] - n.d 41 93 364 198
Volume ,eso [em®/g] - 0.066 0.075 0.110 0.061 0.041
Areanicro [mz/g] — n.d. 347 721 790 511
Volumeyjcro [cm3/g] - n.d. 0.138 0.285 0.454 0.293
SSA [m?/g] - 11 388 815 1155 710
Ultimate analysis C wt% 51.0 66.9 80.9 75.6 60.8 74.3
H wt% 5.8 4.5 3.5 0.9 2.0 0.9
N wt% 0.2 0.2 0.7 0.3 0.1 0.7
0 wt% 41.4 27.6 14.3 14.1 31.4 18.0
Proximate analysis Ash wt% 1.6 0.8 0.6 9.1 5.7 6.1
Fixed carbon wt% 22.4 45.5 81.2 68.1 60.8 69.4
Volatile carbon wt% 76.0 53.7 18.2 22.8 33.5 24.5

Regarding the ultimate analysis data (Table 1), among the ACs, HTC-
AC sample shows a limited carbonization progress (C = 60.8 wt%, H =
2.0 wt%, N = 0.1 wt%, O = 31.4 wt%) compared with that achieved
with the other ACs (HS-AC and PYRO-AC), which carbon contents is in
the range 70-80 wt% (Licursi et al., 2023). The still high oxygen content
of HTC-AC indicates a moderate removal of oxygenated compounds
during the HTC treatment and/or an oxygen enrichment resulting from
the KOH activation treatment. This statement is further confirmed by the
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corresponding proximate analysis data (Table 1) of this HTC-AC sample,
which shows a lower amount of fixed carbon (60.8 wt%) together with a
higher amount of volatile carbon (33.5 wt%) respect to the other ACs.
Once characterized from a physicochemical perspective, the synthesized
ACs and the biochar HTC-PYRO were at the beginning electrochemically
characterized by employing a three-electrode setup to evaluate their
capacitive performances, using nickel foam as current collector. In
Fig. 2, the corresponding CV curves of the ACs are reported. The
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Fig. 2. CV curves of HS-AC, HTC-AC and PYRO-AC in a-b) KNO3 and c-d) KOH (2.5 M) in the potential window between —1 to 0 V and O to 1 V at the scan rate of 0.1

V/s.
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measurements were carried out working in KNOg (Fig. 2a and 2b) and
KOH (Fig. 2c and 2d) as the electrolytes both chosen for their favorable
balance of viscosity, ionic conductivity and stability (Mendhe and
Panda, 2023; Chen et al., 2020; Nithya et al., 2013).

The CV scans were recorded within a potential window of —1 to 0 V
and 0 to 1 V, using the scan rate of 0.1 V/s. The CV curves obtained for
HTC-AC and PYRO-AC in both electrolytes displayed pseudo-
rectangular shapes (Bograchev et al., 2023; Sharma and Chand, 2023).
In particular, CV profiles for HTC-AC and PYRO-AC were more pro-
nounced in KOH (Fig. 2c and 2d) than in KNOg, reflecting the higher
ionic conductivity of KOH (Mendhe and Panda, 2023). In the case of HS-
AC, curves also show capacitive behavior in both cathodic and anodic
zones, although in a minor magnitude compared with the other two ACs
samples (HTC-AC and PYRO-AC). This can be attributed to the more
developed porosity of the two samples resulting from the cascade ther-
mal treatments. The correlation between tailored porosity and capaci-
tive behavior is further confirmed by the unsatisfactory electrochemical
performances ascertained for the pristine HTC-PYRO (Fig. S4), which is
characterized by lower SSA (388 m%/g) compared to the investigated
ACs, highlighting the need to perform a chemical activation step to
improve its performances (Lobato-Peralta et al., 2024; Licursi et al.,
2023; Lee et al., 2021). On this basis, returning to ACs samples, the
examination of the enlargement of the CV curves of HC-AS in KOH
(Fig. S5) reveals that this sample exhibits minor Faradaic peaks,
particularly in the anodic region, likely due to the redox activity of the
nickel foam in alkaline media (Schrebler Guzman et al., 1978). In fact,
nickel foam may undergo oxidation from Ni° to Ni?* and Ni®* species,
detected as two peaks of the Ni(OH)2/NiO(OH) redox couple
(Dojcinovic et al., 2024). The corresponding Cs values are reported in
Table S2 confirming the superior performance of HTC-AC and PYRO-AC,
especially in KOH, where HTC-AC reached anodic Cs of 61 F/g and
cathodic Cs of 35 F/g, while PYRO-AC achieved anodic C; of 58 F/g and
cathodic Cs of 37 F/g. On the other hand, lower C, values were recorded
in KNOgs, supporting the influence of its low electrolyte conductivity
(Mendhe and Panda, 2023). In literature, it is possible to find a wide
range of Cs values for ACs, generally in the range 30-400 F/g, in
agreement with our data (Biesheuvel et al., 2018). Further insight was
gained through GCD measurements performed in both electrolytes. The
GCD curves for the AC samples (HS-AC, HTC-AC and PYRO-AC) are
reported in Figs. S6, S7 and S8 where the deviation from an ideal
triangular shape, especially in KOH, indicates the occurrence of faradaic
processes. The GCD results recorded in KNOs, presented in Fig. S9 as Cg
versus the number of cycles, confirm the higher and more stable
capacitance of HTC-AC and PYRO-AC compared to HS-AC. However,
PYRO-AC showed slightly reduced cycling stability, potentially due to
inconsistencies in current collector coverage. The corresponding C;
values (Table S3) are lower than those obtained from the CV curves
(Table S2), confirming the presence of irreversible Faradaic processes,
the contribution of which is considered in the calculation of Cs from CV
curves, but not from charge and discharge cycles. Definitely, on the basis
of the characterization and first electrochemical screening activity, HTC-
AC and PYRO-AC samples result in the most promising ACs.

3.2. Cu-doped ACs: physicochemical characterization and
electrochemical behavior with aqueous electrolytes

In order to improve the electrochemical performance, Cu-doping of
the most interesting ACs, HTC-AC and PYRO-AC, was carried out,
obtaining the corresponding Cu-HTC-AC and Cu-PYRO-AC with the aim
of introducing copper oxides on the carbon surface with slight modifi-
cations to procedures reported in the literature (Saravanakumar et al.,
2019; Zhan et al., 2021b). Initially, the Cu-doped samples were char-
acterized by their morphological and physicochemical properties. SEM
analysis was performed (Figs. S10 and S11) revealing for both samples
the presence of carbon aggregates and the presence of copper oxides
particles deposited on the AC surface. EDS analysis was carried out to
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confirm the presence of copper and the results are summarized in
Table S4, resulting in line with what was expected. SSA measurements
resulted to be 697 and 397 m?/g for Cu-HTC-AC and Cu-PYRO-AC
respectively (versus 1155 and 710 m%/g of the corresponding pre-
cursors), attributable to the pore blockage of copper oxides. The Cu-
HTC-AC isotherm, together with the corresponding cumulative pore
volumes and the pore size distribution are reported in Fig. S12, where it
can be observed that Cu-HTC-AC feature the same pore size distribution
of its precursor (Fig. S2), but displaying different pores openings, as
suggested to additional microporosity introduced by the copper oxide
itself at 0.47 nm, and the absence of micropores at 1.43 nm (Fig. S12).
Regarding the ultimate analysis data of the doped ACs, Cu-HTC-AC (C =
57.6 wt%, H = 2.4 wt%, N = 0.2 wt%, O = 22.5 wt%) and Cu-PYRO-AC
(C=70.0 wt%, H= 0.7 wt%, N = 0.6 wt%, O = 12.5 wt%), both samples
show similar CHN contents respect to their undoped precursors (C =
60.0 wt%, H = 2.0 wt%, N = 0.1 wt% for HTC-AC and C = 74.3 wt%, H
= 0.9 wt%, N = 0.7 wt% for PYRO-AC), whereas the O ones are lower
(22.5 respect to 31.4 wt% for Cu-HTC-AC/HTC-AC and 12.5 respect to
18.0 wt% for Cu-PYRO-AC/PYRO-ACQ), due to the greater ash contri-
bution which increases from 5.7 to 17.3 wt% for Cu-HTC-AC and from
6.1 to 16.2 wt% for Cu-PYRO-AC. In order to quantify the real amount in
our Cu-doped ACs, ICP-OES analysis was carried out, finding Cu content
of 5.6 and 5.8 wt% for Cu-HTC-AC and Cu-PYRO-AC, in agreement with
the nominal values of 6.5 and 5.4 wt%, respectively. In addition, Raman
and XRD analyses were performed to assess their structural properties.
Raman spectrum of Cu-HTC-AC with normalized intensity with respect
to the G peak (as a representative example of doped samples) together
with the HTC-AC and PYRO-AC precursors, the correlation between
peak positions and Full Width at Half Maximum (FWHM) and the
deconvoluted spectra are all reported in Fig. 3.

From this first comparison, it is evident that the overall Id/Ig ratio is
not sensibly varying among samples. The G peak, associated with the
E2g vibrational mode, is positioned around 1580 cm™!, while the D
peak, corresponding to the Alg vibrational mode, appears around 1360
em™!. Furthermore, the Cu-HTC-AC samples a low intense peak at 215
em~! which seems to correspond to CuyO (Solache-Carranco et al.,
2008). Deeper insight has revealed that the Raman feature of the carbon
component of the investigated samples can be further deconvoluted into
four modes named G1 and G2 under the G band, and D1 and D2 under
the D one. These results are reported in Fig. 3c-d-e and peak data are
summarized in Table S5. In this deconvolution, G1 and D1 are the ones
closer to the typical Raman mode features of graphitic carbons: in fact,
both G1 and D1 modes resulted in blue shifted with respect to the
respective 1580 and 1350 em™! representative resonant modes, sug-
gesting a compressive stress on the graphitic structure. According to the
analysis reported in Fig. 3b, it is evident the stable position of both G1
and G2 peaks, around an average position of 1588.2 and 1564.5 cm ™},
respectively. Concerning the D1 and D2 peaks, D1 results closely
dispersed around 1360.2 cm ™!, while D2 scatters around 1156.3 cm™!
with much pronounced dispersion also in terms of full width at half
maximum (FWHM). According to Shimodaira et al., G1 and D1 are due
to the graphitic domains, while G2 and D2 are ascribed to amorphous
carbons phases (Shimodaira and Masui, 2002). Due to the position of the
D2 peak relatively far from the position of the expected D peak, it is
reasonable to assume that such a vibrational mode can be attributed to
something different with respect to the defective vibrational modes of
amorphous-graphitic structures. According to Ferrari and Robertson,
such a vibrational mode can be originated from the coexistence of sp>
phase and conjugated non-aromatic polyenes, present as pending groups
of graphitic platelets (Ferrari and Robertson, 2001). Henceforth, D2
does not account for evaluations. Nevertheless, its reduced intensity in
the Cu-HTC-AC sample with respect to those in HTC-AC and PYRO-AC
samples can be due to the presence of metal oxide surface functional-
ities. Following the interpretations of Shimodaira et al., in Table S5 it is
reported also the Ig2 to Igl ratio, whose values are in accordance with
the authors concerning the graphitizable carbons activated with KOH,
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Fig. 3. Raman spectra of Cu-HTC-AC, HTC-AC and PYRO-AC. a) baseline corrected Raman spectra of the three different samples; b) correlation between peak
positions and FWHM; ¢) Cu-HTC-AC, d) HTC-AC and e) PYRO-AC deconvoluted Raman spectra.

indicating that the presented results are characteristic of disordered
carbons (Shimodaira and Masui, 2002). In this regard, in recent years,
increasing attention has been devoted to the role of structural disorder in
carbon materials, which has been shown to enhance energy storage
performance in SCs. Unlike the conventional focus on pore size, recent
studies demonstrate that disorder in nanoporous carbons can signifi-
cantly improve ion storage efficiency and energy density (Liu et al.,
2024; Zhang et al., 2024) and this correlation between carbon structure
and electrochemical performance applies across different di-
mensionalities and morphologies (Xiao et al., 2021; Jiang et al., 2018).

To verify the crystalline phase of the copper oxides present, XRD
analysis was performed on both Cu-doped samples obtaining the same
results and on their corresponding precursors (Fig. S13). Fig. 4 illus-
trates the pattern ascertained for Cu-HTC-AC as representative example.

The pattern shows two large broad peaks in the range 20 of 20-
30°and 40-45°, which derive from the disordered carbons. Moreover,
two crystallographic phases were detected: one with space group R-3c:H
(167), that can be linked to the corundum phase of Al;O3 (as suggested
by Table S4, where the EDS detected the presence of aluminum) and the
second one, with larger crystalline domains, with a space group of Pn-3
m:1 (224) that, according to the chemistry of the sample, belongs to the
cuprite phase of the copper (I) oxide CuyO. In this sample, the crystalline

fraction of the corundum is of (32.512794 + 1.7356137) % and that of
the cuprite of (67.487206 + 2.39865) %. According to the Rietveld
refinement, the corundum crystallites are (758.8053 + 90.78744) A and
those of the cuprite are (1694.7803 + 75.72117) A in size. Once char-
acterized, Cu-doped samples, which resulted in terms of CupO amount
equal to 6.3 and 6.5 wt% for Cu-HTC-AC and Cu-PYRO-AC respectively,
were electrochemically tested under the same conditions as in the pre-
vious experiments. In Fig. 5, the corresponding CV curves of the Cu-
doped ACs are reported.

Focusing on the corresponding CV curves of the Cu-doped ACs, those
acquired in KNOs (Fig. 5a and 5b) display a pseudo-rectangular shape
with more pronounced sharp edges than their undoped precursors,
indicating the presence of increased pseudocapacitive behavior of these
materials, due to the presence of Cuy0, thus confirming the improved
electrical conductivity and charge storage capacity (Saravanakumar
etal., 2019; Zhan et al., 2021b; Dabir et al., 2024). Between the two Cu-
doped ACs, Cu-HTC-AC exhibits a wider curve than Cu-PYRO-AC,
indicating better capacitive behavior. The same observations can be
made for the curves acquired in KOH (Fig. 5¢ and 5d), where higher
current density values were recorded compared to those in KNOg, due to
the superior ionic conductivity of KOH, as already evidenced for the
undoped samples. The Cs values (Table S6), calculated from the CV,
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result higher for the sample Cu-HTC-AC with a notably high capacitance
in the anodic region in KOH, highlighting its potential for further
investigation of its electrochemical behavior. GCD measurements of the
two Cu-doped ACs were performed under the same conditions previ-
ously employed and the GCD curves are reported in Figs. S14 and S15.
Also in this case, the curve shape deviates from the ideal triangular form,
as previously observed for the measurements of the undoped precursor.
The GCD results recorded in KNOg are reported in Fig. S16 in terms of Cg
values versus number of cycles. Cu-HTC-AC exhibits good Cs values and
moderate stability during the cycles compared with Cu-PYRO-AC,
indicating improved properties for SCs application. Again, GCD-
derived Cs values (Table S7) were lower than those calculated from
CV, consistent with trends already seen in the undoped samples. Alto-
gether, on the basis of all results, it is possible to identify HTC-AC, PYRO-
AC and Cu-HTC-AC as the most promising candidates for further elec-
trochemical development and application in lithium-based storage and
EDLC devices in organic electrolytes.

3.3. Applications of the most promising ACs (Cu-HTC-AC, HTC-AC and
PYRO-AC) for Li-storage and EDLC devices in organic electrolytes

To further investigate the electrochemical properties of the most
promising ACs, they were also tested with organic electrolytes and in
this regard nickel foam was replaced with other current collectors, in
particular copper and aluminum foils, due to issues encountered during
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ink deposition and the occurrence of faradaic processes in aqueous
electrolyte.

Considering the properties of our best samples, they were tested for
lithium storage devices, evaluating their behavior as anode materials,
suitable for use in lithium-ion batteries and/or lithium ion capacitors
(Wang et al., 2021). For this reason, cathodic scan measurements were
performed using a Swagelok cell and LP30 as electrolyte. All the ACs
were deposited on copper current collectors providing manageable
electrodes and the corresponding CV curves, recorded at the scan rate of
0.1 mV/s, together with the specific capacity evolution versus cycle
number are reported in Fig. 6.

The results suggest that the sample Cu-HTC-AC features greater
stability over cycling and this result is also found in literature where
Cuy0 is exploited as passivating barrier for Li-ion graphite-based anodes
(Fu et al., 2007), justifying its overall potential stability in these polar-
ization conditions. According to the initial discharge specific capacity,
the presence of Cuy0 appears to contribute to the capacity increase, as
indicated by the overall higher specific capacity of Cu-HTC-AC
compared to the undoped precursor. Conversely, the PYRO-AC sample
exhibits a high initial specific capacity, with a progressive reduction
during cycling. These experiments were run to probe eventual lithium
storage properties and were not run in an optimized potential window.
Based on the cathodic scan measurements performed, Cu-HTC-AC
sample exhibits good stability over multiple cycles, on the basis of the
literature assuming no significant changes to the copper phase (Bijani
et al., 2007; Fu et al., 2007; Brisse et al., 2018), making it a promising
candidate as anode materials for lithium storage devices.

Regarding the application in supercapacitor devices, despite the
limited performance of PYRO-AC in previous tests, its powder was the
only one suitable for fabricating a symmetric EDLC device in a two-
electrode coin cell configuration with an aluminum current collector,
whereas the other two samples could not be used due to coating adhe-
sion difficulty on the selected collector. In details, the electrochemical
performance in anodic polarization of Cu-HTC-AC samples was not
addressed due to the known instability of copper oxides in anodic po-
larizations (Wu et al., 2010). The electrochemical results for PYRO-AC
are reported in Fig. 7, including CV (Fig. 7a), coulombic efficiency
and capacity retention from cyclic voltammetry (Fig. 7b), electro-
chemical impedance spectroscopy (Fig. 7c) and galvanostatic char-
ge—discharge measurements, which evaluate the EDLC performance at
different specific currents and at a single specific current for long-term
cycling (Fig. 7d, 7e and 7f). On the basis of the achieved results a
Ragone plot was derived to assess the sample’s ability to deliver specific
energy and specific power (Fig. 7g).

Fig. 7a shows the results of applying increasing scan rates on PYRO-
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AC with the potential window from 0 to 2.5 V. The upper voltage applied
is lower if compared to that used in the work of Le Fevre et al., who
employed the same electrolyte and cycled their cell up to 2.7 V (Le Fevre
et al., 2019). In our case, a low voltage was applied to prevent material
degradation, given the low coulombic efficiency observed in the CV and
GCD tests (Fig. 7b). The CV curve at 5 mV/s exhibits a quasi-rectangular
shape (Fig. 7a), indicating that, although it is not an ideal EDLC (box-
shaped CV), the material demonstrates capacitive behavior with C;
value of 55 F/g. This value is relatively high compared to the com-
mercial YP8OF, which gave 28 F/g at the same scan rate and electrolyte,
but in a lower potential window of 0.1-2.3 V (Farm, 2020; Egun, et al.,
2024). Another commercial product, the YP50F sample, exhibited Cg of
143 F/g at 10 mV/s, in half cell configuration (about. 35.7 F/g device)
but, in that case, the test was carried out within 0-2 V voltage window
employing acetonitrile as the electrolyte solvent, which is known to
have higher conductivity at room temperature. As the scan rate
increased, the CV curve of Fig. 7a changed, becoming more diagonal and
oval-shaped, with sharper ends, characteristics of a resistive CV shape.
This highlights that it is more difficult for the material to support high
rates, hence the reduced area inside the curve. EIS was performed to
identify the underlying reason for such behavior and the result is shown
in Fig. 7c. A study by Kost et al. on carbon materials tested with different
electrolyte combinations at varying temperatures showed that the
Warburg line became more vertical as the temperature increased, as the
influence of electrolyte conductivity became more significant (Kost,
etal., 2024). In other studies that tested polymer electrolyte, which have
poor conductivity at room temperature, by increasing the electrode
conductivity, the Warburg line also became more vertical (Kiseleva,
et al., 2024; Aziz, et al., 2019). Based on this, it can be concluded that,
since in our experiment a reasonably conductive TEABF4 1 M in PC
electrolyte was used, it can be said that the formation of the diffusive
branch line suggest that the ions permeates with difficulty due to the
electrode material itself (Dsoke, et al., 2013), also in accordance with
the De Levie model of porous carbons where a distributed resistance may
also appear in the solid electrode phase (de Levie, 1967). This causes
overall resistive behavior. Moreover, the presence of a semi-circle sug-
gests that the overall coated electrode material suffers from parasitic
resistance due to the dried electrode non-uniformity.

From the above discussion, the parasitic resistance may be attributed
to the heterogeneity of the PYRO-AC material. This results in a less than
optimum charge percolation process on the material’s surface, resulting
in the cathode material itself being the source of resistance (Dsoke et al.,
2013; Sun et al., 2014). These assumptions are further confirmed by the
apparent non-hierarchical structure of the materials porosities. Indeed,
given the presence of large and potentially resistive particles as well as
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the absence of mesopores suggested by the pore size distribution ana-
lyses (Fig. S3), it is reasonable to assume that ions are subject to tortuous
paths within micropores. Reducing the particle size of PYRO-AC may
enhance size uniformity and reduce parasitic contributions.

However, by benchmarking this result with literature results (Liu
et al., 2025) which used HTC and chemical activation (KOH) to syn-
thesize glucose-derived AC-tested using 1 M TEABF, in acetonitrile
(ACN) electrolyte, it was possible to note that neither the number of
processing steps nor a higher SSA necessarily leads to better-performing
ACs for energy storage applications, but only an optimized process
control is essential when producing ACs, including those from the waste
HS.

The rate capability test is presented in Fig. 7d. All GCD curves display
a well-defined triangular shape, with the total charge-discharge time
decreasing as the specific current increases. As shown in Fig. 7e, and
consistent with the CV results, the GCD measurements indicate a gradual
reduction in C; as the current rate rises. This fading capacity is likely due
to inhibited charge diffusion and ion permeation, as discussed previ-
ously. At higher current rates, the ability of charge carriers to respond
diminishes due to increased material resistance, which limits full utili-
zation of the active surface area. In other words, the electrochemical
kinetics of double-layer formation are constrained by the resistive
behavior of the electrode at higher current densities. These effects may
have been further aggravated by potential pore collapse, resulting from
the multiple thermal treatments applied to the PYRO-AC sample. In
addition to the charge-discharge profiles, GCD testing was also used to
assess the material’s durability over prolonged cycling (Fig. 7f), specif-
ically by analyzing the capacitance retention across GCD cycles.
Retention was calculated by dividing the discharge value of the nth cycle
by that of the first cycle. As shown in Fig. 7f, capacitance retention
declined steadily over the first 1500 cycles before stabilizing around
80%. This behavior is notable, as it contrasts with the typical continuous
decline seen in many other cases and may be attributed to the surface
reactivity of the carbon materials used.

Despite the instabilities, the Ragone plot reported in Fig. 7g presents
remarkable specific energy density (40 Wh/kg at 0.1 A/g) and good
power capabilities (700 W/kg at 2.0 A/g). Although the PYRO-AC
sample features an outstanding C;s (estimated 220 F/g per electrode)
with respect to commercial carbon materials, its power capability re-
mains limited. As mentioned before, this material exhibits parasitic
resistive behavior evident from EIS which prevents it from operating
effectively at higher power rates. This limitation in power capabilities
can be explained by considering the maximum power formula for gen-
erators, P = Vv2/ (4R), where the R resistance value in this formula is the
one proper of the adapted load condition and V is the voltage. At the
different characterization rates, this resistance is closer to the internal
resistance of the device, which is on order of hundreds of ohms, as
indicated in the EIS plot (Fig. 7c). Consequently, the material cannot
sustain higher power rates compared to commercially available refer-
ence materials due to its resistive nature and as previously mentioned,
the synthesis process requires further improvement to enhance the
performance of this AC. However, despite the relatively low voltage
window (2.5 V) and in its current state PYRO-AC already showed
remarkable Cs (55 F/g) value and specific energy density (40 Wh/kg),
demonstrating the clear potential of HS waste to be used as electrode in
energy storage devices. To conclude, in our hypothesis the PYRO-AC
sample features a remarkable energy storage performance controlled
more by the disorder level (Fig. 3e) rather than the SSA and pore size
distribution (Fig. S3) as proved also by Raman analyses. Moreover, the
potentially oxygenated surface and stressed sp2 domains can contribute
to local increase of the material Cs, consequently its energy density.

4. Conclusion

In this work, several activated carbons were synthesized, employing
an energy-efficient process, by alkaline activation of the hazelnut shell
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waste biomass through a cascade approach of both thermal and chem-
ical treatment processes. The influence of each process, namely hydro-
thermal carbonization, pyrolysis and activation pyrolysis, was carefully
evaluated for their electrochemical performances. Preliminary electro-
chemical measurements, adopting nickel foam as the current collector,
showed interesting results for the HTC-AC and PYRO-AC samples.
Further improvement of electrochemical performances was achieved
through copper (I) oxide doping of the most interesting ACs, achieving
the best specific capacitance in the case of Cu-HTC-AC (123 F/g).
Further electrochemical measurements were performed by changing
current collectors and evaluating the most promising samples for lithium
ion and EDLC storage capability. The Cu-HTC-AC sample exhibits great
stability over multiple cycles in standard Li-ion electrolyte and high
specific capacity value (250 mAh/g), making it a promising candidate as
anode materials for lithium storage devices. The other promising sample
PYRO-AC was tested in EDLC device, which surprisingly gave a specific
capacitance value of 55 F/g in symmetrical cell configuration, value
higher than those achieved for commercial activated carbons (up to 30
F/g). According to the performed characterization, the possible expla-
nation for this remarkable performance of PYRO-AC leading to 40 Wh/
kg in symmetrical device can be explained according to the current
disorder theory. In conclusion, this work shows an effective and energy-
efficient route for converting agricultural or industrial waste residues
into functional carbonaceous materials with promising applications in
the energy storage sector, promoting the re-use of waste resources in the
circular economy perspective.
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