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1. Introduction

Influence of phosphorus activation and
carbonization temperature on the electrochemical
performance of hard carbon made from olive
pomace as an anode for sodium-ion batteriesy

Imad Alouiz, Mohamed Aqil,” Abdelwahed Chari,® Mouad Dahbi, ©°
Mohamed Yassine Amarouch? and Driss Mazouzi {2 *2

Carbon electrode materials derived from biomass have attracted important interest in studying high-
performance electrochemical energy storage devices that are environmentally friendly. Therefore, this
study focuses on producing hard carbon (HC) from olive pomace. This is evaluated as a negative
electrode in a sodium-ion battery (SIB) with a primary purpose of evaluating the effect of carbonization
temperature on HC properties. The preparation of HC from olive pomace was carried out using
a chemical activation method with phosphoric acid as an activator and then carbonizing at different
temperatures. The generated solid carbon was characterized using various analytical methods, including
SEM, HR-TEM, Raman spectroscopy, XRD, FTIR, TGA, and BET. The findings demonstrated that the
carbonization temperature significantly affected the morphology, structural characteristics, and disorder
level of the synthesized carbon materials. The resultant materials exhibit initial discharge/charge specific
capacities for sodium-ion batteries of 307/146, 408/193, and 404/272 mA h g~* for HC-750, HC-1000,
and HC-1250 °C electrodes, respectively, giving an initial coulombic efficiency ratio of 47%, 48%, and
67%. The electrochemical evaluations indicated that HC carbonized at elevated temperatures,
particularly at 1250 °C, exhibited superior performance characteristics. Following 100 cycles, a capacity
of 248 mA h g~ was achieved, accompanied by an exceptional capacity retention ratio of 99.9% and
good rate capabilities. These results illuminate the significance of the chemical activation process
(phosphorus doping) and the carbonization temperature in enhancing electrode performance. By
employing this methodology, the utilization of olive pomace effectively yields sustainable biomass-
derived HCs in the fabrication of cost-efficient negative materials with enhanced performance for
sodium-ion batteries.

such as SIBs.*® Indeed, SIBs offer many attractive features and
notable benefits.

The growing demand for electronic devices, electric vehicles,
and large-scale, energy storage systems worldwide has caused
major challenges in developing long-term and effective energy
storage solutions.' In this regard, rechargeable batteries are of
utmost significance, in particular, lithium-ion (LIB) and
sodium-ion (SIB) batteries.>® Although LiBs are currently
a leader for their high energy density and excellent long cycle
life. Concerns about rising costs and the limited availability of
lithium resources have led to the search for viable alternatives,
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Given that sodium is one of the most abundant elements on
Earth, this could potentially significantly reduce battery costs.®’
Furthermore, the possibility of using an aluminum current
collector that is cheaper and lighter than copper is a key
advantage of this type of technology.® In fact, research on
sodium-ion batteries first began in the 1970s. However, prog-
ress is not being accelerated due to the relative ease of handling
of sodium-based materials, which are more sensitive to mois-
ture than their lithium counterparts, as well as the competitive
energy density of SIBs.” Nevertheless, in recent years, the rising
cost of lithium, cobalt, and nickel, associated with concerns
over limited lithium reserves, has reignited interest in SIBs as
a potential alternative, prompting the redevelopment of this
previously technology.*>**

In order to commercialize SIBs, it is essential to develop
highly efficient electrode materials. Thus, the most important

© 2025 The Author(s). Published by the Royal Society of Chemistry
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components of SIBs, such as cathodes, anodes, and electrolytes,
have been the subject of numerous studies in this field.
However, the development of stable negative electrode mate-
rials for SIBs remains a major challenge.”” Indeed, negative
electrode materials must meet essential requirements, such as
high reversible load capacity, good efficiency and long cycle.*®
Graphite is the most frequently used anode in LIBs due to its
abundance, affordability, and non-toxic properties. Neverthe-
less, the insertion of sodium ions into graphite is difficult due to
the small distance between the graphite layers, which cannot
easily accommodate the large sodium ions, whose radius is
around 36% larger than that of lithium ions.'®*® Therefore,
using graphite as the anode of the SIB is not practical. To
address this limitation, the focus is on intensive research on
alternative materials divided into three major categories
according to the reaction mechanism in the process of charging
and discharge, namely the insertion of reactions, conversion
reactions, and alloy reactions.” Among these, carbonaceous
materials and titanium-based oxides have been investigated for
their insertion capabilities.’>"” Furthermore, the conversion
reaction examines anode materials such as transition metal
oxides and sulfides.** However, Na-metal alloys are considered
promising candidates, especially when combined with
a conductive carbon matrix, which enhances their specific
capacity and cycling stability. However, materials based on the
reaction of alloys and conversions encounter serious disad-
vantages due to the large volume expansion during the process
of insertion/de-insertion of the host material, causing contin-
uous degradation of the electrode structure.'® Among these
options, hard carbon (HC) is highlighted as a promising
candidate for SIB anodes, providing high specific capacity and
stability. Despite this, it remains a challenge due to low initial
coulombic efficiency (ICE) and limited electrical
conductivity.”***

Recently, several studies have focused on the elaboration of
HC from abundant biomass such as peanut shells,”® orange
peels,* sugarcane bagasse,* tea waste,” argan shells,** and date
palm pulp.” These precursors’ abundance, low prices, envi-
ronmental friendliness, and limitless architectural potential
make them excellent choices for the synthesis of anode mate-
rials for SIBs.”® There are many approaches to improving the
electrochemical performance of these hard carbons, including
synthesis conditions, porous structure created by an activating
agent, and doping technology.”*** Studies have reported that
HC material prepared at high temperatures exhibit high specific
capacity, highlighting the correlation between the importance
of closed pore volume and its sodium storage capacity.>**”** By
doping HCs with heteroatoms and introducing functional
groups such as oxygen, it can be made to optimize their surface
chemistry and enhance the capacity and stability of the solid-
electrolyte interface (SEI).** The HC derived from biomass has
high porosity and a controllable pore size distribution. This is
important in facilitating sodium ion intercalation and
improving cyclic battery performance. These properties make
HC obtained particularly suitable for applications in sodium-
ion batteries, offering both durability and efficiency.
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Olive pomace (OP) is waste product that is usually discarded
as part of the olive oil extraction process. This poses several
environmental problems. In effect, these residues are generated
in large quantities by the olive oil industry, posing waste
management problems.**** Among the promising approaches
to recovering its by-product is the conversion of this waste into
hard carbon that can be used in sodium-ion batteries.

This article focuses on studying a simple and efficient
synthesis process to prepare hard carbon from olive pomace.
For this, after chemical activation of olive pomace raw (OP-R)
with phosphoric acid solution, the activated olive pomace
(OP-A) is carbonized under an argon atmosphere at three
temperatures ranging from 750 °C, 1000 °C and 1250 °C. In
order to evaluate the influence of the chemical activation, OP-R
was also carbonized directly at 1250 °C without chemical acti-
vation step to understand the importance of this step on HC
performance. The structural and morphological properties of
the produced HC were characterized using different spectro-
scopic techniques, including thermogravimetric (TG), Fourier
transform infrared spectroscopy (FT-IR), scanning electron
microscopy (SEM), transmission electron microscopy (HR-
TEM), X-ray diffraction (XRD), Raman spectroscopy, and BET
surface area measurement. To investigate the electrochemical
properties of HCs samples used as anode materials for SIB
applications, galvanostatic cycle tests (GCPL), cyclic voltam-
metry (CV), galvanostatic intermittent titration (GITT), and
electrochemical impedance spectroscopy (EIS) were used. Olive
pomace's hard carbon has a good specific capacity and cyclic
stability, according to electrochemical experiments. This is
particularly suitable for applications involving SIBs. Therefore,
by valorizing olive pomace for the production of hard carbon,
this approach addresses the problems associated with waste
management and aids in the advancement of sustainable and
effective energy storage solutions.

2. Materials and methods

2.1. Preparing hard carbon from olive pomace

Activation and carbonization are the two main processes used
in this work, preparing hard carbon from OP-R. First, OP-R was
impregnated in a phosphoric acid solution (H3PO,, 22% vol) at
50 °C for 2 hours to chemically activate olive pomace. The OP-A
was then neutralized with sodium hydroxide (NaOH,
0.1 mol L") to remove excess acid.** Then, OP-A is heated in
a tube furnace that can be programmed under an argon atmo-
sphere. The temperature was gradually increased at a rate of
5 °C min~* from ambient temperature to the set temperature.
Three carbonization temperatures were selected: 750 °C (HC-
750 °C), 1000 °C (HC-1000 °C), and 1250 °C (HC-1250 °C).
Each sample was kept at the selected temperature for 1 hour,
resulting in different carbonization conditions. Furthermore,
a sample of olive pomace was carbonized directly without
a chemical activation step (OP-1250 °C) was prepared to
understand the importance of this step on the properties and
electrochemical performance of HC as anodes for SIBs

(Fig. S17).
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2.2. Material characteristics

The microcrystalline structure and structural properties of the
carbonaceous materials were characterized by using a Bruker
D8 Advance X-ray diffractometer (XRD; Cu Ka radiation (40 kv, 2
=0.15418 nm) at a scanning speed of 3° min~" between 10° and
80°), and, Fourier transform infrared spectroscopy (FT-IR; Per-
kinElmer 1720 FT-IR spectrometer in the 600-4000 cm ™"
wavenumber range). Graphitization degree of the HC was
analyzed by Raman scattering spectroscopy (HORIBA LabRAM-
HR Evolution) under green laser excitation (A = 532 nm) in line-
of-sight mode. The morphology of the samples was observed via
scanning electron microscopy (SEM, Zeiss EVO MA10), and,
high-resolution transmission electron microscopy (HR-TEM,
Talos F200S, FEI, Thermo, Czech Republic) equipped with an
energy-dispersive X-ray spectroscopy detector. Thermal
decomposition data for olive pomace biomass was studied by
thermogravimetric analysis using a Mettler Toledo TGA at
a heating rate of 10 °C min™" from 30 to 700 °C, under an
oxygen atmosphere. The specific surface area and pore sizes
were tested by N, adsorption-desorption using a Micromeritics
ASAP 22460 analyzer.

2.3. Electrochemical measurements

Coin cells were used to evaluate the electrochemical perfor-
mance of each sample as an anode material. A mixture of
80 wt% active material, 15 wt% carbon black, and 5 wt% poly-
vinylidene fluoride (PVDF) binder was combined to prepare the
negative electrodes. The PVDF binder was dissolved in N-
methyl-2-pyrrolidone (NMP) solvent, and the mixture was stir-
red until a homogeneous paste formed. This suspension was
then coated onto aluminum foil. After coating, the film was
dried at 70 °C for 1 hour to ensure proper adhesion and
stability. The 12 mm diameter electrodes were dried overnight
at 120 °C in a vacuum oven. The mass loading of these elec-
trodes was 1.6-2.5 mg cm 2. Then, the half-cells were built
under an argon atmosphere in a glove box, in a two-electrode
system with pure sodium metal as a counter and reference
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electrode. A glass fiber (Whatman) was used as a separator. The
electrolyte used was sodium hexafluorophosphate (NaPFg,
1 mol L") in a mixture of ethylene carbonate (EC) and dieth-
ylene carbonate (DEC) (1:1 by volume). The performance of
galvanostatic cycling with potential limitation (GCPL) was
tested between 0.01 and 2.5 V at room temperature at a current
density of 25 mA g~ using a BCS-BioLogic battery cycler. Cyclic
voltammetry (CV) measurements were performed on an elec-
trochemical workstation using a BCS-800 potentiostat within
a voltage window of 0.01-3 V vs. Na/Na" at scan rates of 0.1, 0.2,
0.5, 0.8, and 1.2 mV s '. Electrochemical impedance spectros-
copy (EIS) measurements were performed in a frequency range
of 100 kHz to 10 mHz.

3. Results and discussion

3.1. Structure and characterization

To identify and understand the molecular structure properties
of the raw material, the Fig. 1A presents the FTIR spectrum of
the OP-R. The spectrum mainly shows the presence of two
vibrational peaks at 3600-3250 cm™ " and 2920 cm™ ' corre-
sponding to the stretches of -OH and C-H group, highlighting
the presence of characteristic functional groups in lignocellu-
losic biomass.***” Additionally, the band is located in the region
950-1130 cm ' that characterizes the C-O group present in
acids, alcohols, ethers, and esters.’” However, the total disap-
pearance of O-H peaks in the structure of the hard carbon
produced, combined with the reduction in intensity of the other
peaks observed during carbonization (Fig. 1B), demonstrates
the progressive decomposition of cellulose. This phenomenon
favors the formation of carbon structures.*® In particular, the
decrease in intensity of the peak at 1630 cm ™' is due to the C=0
stretching vibration of carbonyl groups,* indicating a reduction
in carbonyl functional groups after carbonization (Fig. S31). On
the other hand, the increase in peak intensity at 1700 em™" in
HC, attributed to C=C at the aromatic ring,** shows a signifi-
cant shift in molecular structure towards more conjugated and
aromatic arrangements. We also observed that the peak at
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(A) FT-IR spectra of OP-R, (B) of HCs obtained for different temperatures.
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Fig. 2 SEM images and their magnifications of (A) HC-750 °C, (B) HC-1000 °C, (C) HC-1250 °C, and (D) OP-1250 °C.

1220-1180 cm ™" can be associated with the stretching vibration
of P=0 groups with hydrogen bonds, which is characteristic of
phosphates or polyphosphates as well as the O-C stretching
vibration in P-O-C bonds and P=OOH groups, present in the
HC-750, HC-1000, HC-1250 °C samples but not found in the OP-
1250 °C sample. Additionally, the band in the range of 727-
800 cm ! corresponds to C-P bond vibration.***° This result
agrees with quantitative identification of the chemical compo-
sition of the olive pomace after carbonization using EDX, and
XRF was listed in terms of weight percentage (Tables S1 and
S2+t), indicating the presence of phosphorus species as the main
observation after chemical activation pyrolysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry

By using SEM analysis, carbon samples (HCs) derived from
OP are examined for their morphology and structure. Overall,
the morphology of OP-R is distinguished by a compact surface
without pores or curly structures, as shown in Fig. S4.1 And, to
better observe the effects of the chemical activation step and
carbonization temperature on the HC morphology, SEM images
are presented in Fig. 2A-D. These samples present an irregular
granular morphology with particle sizes around 20-45 pm.
Furthermore, the corresponding magnification images show
that the HC surface is rough, with heterogeneous particle size
distributions and pores of different diameters. These observa-
tions can be explained by the release of pyrolysis gas during

RSC Adv, 2025, 15, 19546-19560 | 19549
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Fig. 3 HR-TEM images of HC samples synthesized at various temperatures. (A) HC-750 °C, (B) HC-1000 °C, (C) HC-1250 °C, and (D) OP-

1250 °C.

high-temperature treatment, which causes the formation of
porous structures.*

According to Fig. 3, the HR-TEM images showed that the
carbons obtained are mainly composed of many layers of
disordered carbon, which reveals a characteristic typical of
amorphous carbon.*" It is also possible to see a small number of
parallel graphene sheets. At 750 °C, the HC has a predominantly
amorphous structure with disordered carbon layers and an
apparent lack of graphitization, indicating initial disordered
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carbon structures. At 1000 °C, a significant evolution is
observed with the appearance of partially graphitic zones and
increased surface roughness, indicating better organization of
carbon structure. The HC-1250 °C sample shows a more orga-
nized structure, which is still a feature of HC, with longer and
better-aligned carbon layers. However, the graphitization of OP-
1250 °C (Fig. 3D) is less obvious than that of HC-1250 °C, sug-
gesting that chemical activation increases graphitization. As the
temperature of the heat treatment increases, the carbon layer
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(A) XRD and (B) Raman spectrums of HC samples for different temperatures.
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Table 1 Physical parameters of hard carbon samples
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Sample 2 Tetha dooz (NM) FWHM (rad) L. (nm) L, (nm) N Layers Apc) SBET (m* g )
HC-750 °C 23.27 0.395 7.87 10.429 21.061 2.722 1.798 172.87
HC-1000 °C 23.74 0.379 7.207 11.388 23.012 3.012 1.341 86.72
HC-1250 °C 23.78 0.373 6.382 12.871 25.975 3.451 1.318 7.094
OP-1250 °C 23.77 0.382 6.934 11.837 23.927 3.089 1.357 3.124

becomes longer. The crystalline zones' interlayer distances were
found to be 0.51 nm for HC-750 °C, 0.49 nm for HC-1000 °C,
and 0.44 nm for HC-1250 °C. These values exceed the required
distance (0.37 nm) for sodium intercalation and follow the
general trend that distances between layers decrease as pyrol-
ysis temperatures increase.*”** The main components of HC in
basic analysis are carbon (C) and oxygen (O), with the carbon
content increasing as temperature increases, except for sample
OP-1250 °C (Table S2 and Fig. S61). We also observe that all HC
samples contain phosphorus (P) traces, which decrease with
increasing temperature. The presence of several heteroatoms
can provide additional sites for sodium accommodation and
improve electrolyte wettability, enhancing the sodium storage
performance in HCs.*>** These observations show the impor-
tant role that carbonization temperature plays in the
morphology and internal structure of HC, highlighting the
importance of heat treatment conditions to improve the prop-
erties of carbon materials.

Additionally, XRD (Fig. 4A) and Raman measurements
(Fig. 4B) confirmed that the resulting HC is graphitized. The
XRD diagrams showed that the hard carbon from olive pomace
presents two peaks at 24° and 43°. This corresponds to the
diffraction of the (002) and (100) planes of disordered carbon,
respectively.* The (002) peaks shift to a higher diffraction angle
when the carbonization temperature rises, and d,,, decreases
due to relative order increases. The d,, values are 0.395, 0.379,
0.373, and 0.382 nm at HC-750, HC-1000, HC-1250, or OP-
1250 °C, significantly higher than graphite (0.335 nm). Other
parameters are also evaluated from the XRD data, such as the

average lateral length (L,) and the thickness of graphite-like
segments.* The number (N) of stacked graphene sheets is ob-
tained as N = L./dyo, (Table 1). L,, L., and N are expected to
increase with temperature if a long-range order develops. The
average lateral length increases rapidly and corresponds to the
HR-TEM results.

Raman spectroscopy confirmed the development of the
microcrystalline structure of graphite in HC, as shown in
Fig. 4B. The Raman spectrum of carbon has two broad peaks in
the range of 1100-1900 cm ™", with narrow samples having well-
ordered graphite networks, the G band situated at about
1580 cm ™" corresponds to the in-plane stretching vibrations of
sp® carbon.*** The D band was observed around 1350 cm ™.
This mode is inactive in full graphite, but it can be activated by
structural disorders, defects, or heteroatom impurities.***®
Proportional strong D bands show that the HC-1000, HC-1250,
and OP-1250 °C samples have numerous structural defects,
which are considered to be significant sites for sodium storage
in the carbon structure. The Lorentzian fit of the D and G peak
areas of the Raman spectra is shown in Fig. S7.} To better assess
the microcrystalline structure of the samples, the degree of
graphitization of the carbon materials can be determined by
analyzing the ratio of the integral area of the Apg).**** The
results of the peak fitting show that Appg) decreases with
a temperature rise, from 1.74 for HC-750 °C to 1.31 for HC-
1250 °C. Graphitic domain growth at higher carbonization
temperatures is confirmed by the change in Ap,q) correspond-
ing to previous XRD and HR-TEM above results. This indicates
that the structure of the HC can be more graphitic and enhance
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anode performance in terms of specific capacity and cycling
stability.

To determine the BET specific surface area, Fig. 5A shows the
N, adsorption—-desorption isotherms of HC samples at different
temperatures. The isotherms of HC were similar to type II,
suggesting a low porosity of HC. The calculated Sggy are 172.87,
86.83, 7.09, and 3.12 m> g~ of HC-750, HC-1000, HC-1250, and
OP-1250 °C, respectively. This indicates that the specific surface
area is directly related to the carbonization temperature. The
calculated BET surface area decreases with increasing heat
treatment temperature (Table 1). This low surface area of HC-
1250 °C could induce limited formation of solid electrolyte
interphase (SEI) and thus improve the initial Coulomb effi-
ciency, which is consistent with the electrochemical results.
Fig. 5B shows pore distribution with pore volume and diameter
values for the various HCs obtained. As the temperature rises,
the average pore diameter of the sample decreases pore volume.
In combination with other analytical methods such as SEM and
HR-TEM, this pattern can be explained by the fact that higher
carbonization temperatures lead to micropore closure and
eliminate structural flaws, which lowers the pore volume of HC
obtained from biomass.

19552 | RSC Adv, 2025, 15, 19546-19560

3.2. Electrochemical sodium storage performance

To investigate the performance of the electrochemical behavior
of HC derived from OP as an anode for SIBs, the samples were
transformed into working electrodes and assembled in CR2032-
type coin cells. CV curves for HC samples treated at 750, 1000,
and 1250 °C are displayed in Fig. 6A-C, these curves were
recorded cycles at a scan rate of 0.1 mV s ' in the first three
cycles between 3 to 0 V. The first reduction peak that dis-
appeared in the following cycle is related to the formation of
a solid electrolyte interface (SEI) film and certain irreversible
secondary reactions.>*** The second peak corresponds to the
insertion of sodium into the carbon structure. Observed in the
same manner as the first anodic scan, a peak below 0.1 V was
observed, followed by a wide sloped region that is typical of
sodium storage that can be reverted through intercalation and
adsorption mechanisms on structural defects in the carbon.*
Although the CV curves for different HC samples are similar, the
redox peak is below 0.1 V, increases in amplitude with
increasing calcination temperature, especially for the HC-
1000 °C and HC-1250 °C samples. Based on this result, the Na
storage mechanisms transition from primarily adsorption to
primarily intercalation as the temperature rises, and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Galvanostatic charge/discharge curves of HC electrodes at 25 mA g2, (B) comparison of charge/discharge profiles of HC during the
first cycle, and their (C) sloping and plateau capacity of each electrode at different temperatures.

reduction in interlayer spacing doo, is associated with facili-
tating sodium intercalation reactions.**®

In order to verify the electrochemical stability of the elec-
trodes for different temperatures, galvanostatic curves for HC at
a constant current density of 25 mA g~ over the voltage range of
0.01-2.5 V for 50 cycles are displayed in Fig. 7A. During the first
cycle, the discharge capacity for HC-750, HC-1000, HC-1250,
and OP-1250 °C was 307, 407, 403, and 358 mA h g, respec-
tively. A charge capacity of 146, 193, 272, and 253 mA h g~ with
initial coulombic efficiency (ICE) of 47%, 48%, 68%, and 70%,
respectively, followed the sodiation process. Generally, the

© 2025 The Author(s). Published by the Royal Society of Chemistry

irreversible capacity loss observed in the initial cycle is due to
the decomposition of the electrolyte and the formation of the
SEI layer on the surface.*" Based on the above results, including
characterization of FT-IR, indicate that an increase in the
capacity of the first-cycle of heat temperature rises the avail-
ability of the active sites of sodium. These active sites may
correspond to defects, voids, and intermediate layers accessible
to sodium with HC.>*** It has also been observed that the HC-
1250 °C sample have a higher specific capacity than the HC-
750 °C and HC-1000 °C samples. This due to the presence of
microstructural properties that enhance storage capacity.
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Fig. 8 Electrochemical performance of the HC electrodes at different temperatures (A) capacity retention and the coulombic efficiency, (B) rate

performance at different current densities.

Table 2 Comparison of carbon HC-1250 °C storage performance with different hard carbons used as anode for SIBs

Current density Initial capacity

Keep capacity

Samples (mAag™ (mAhg™) Cycle number (mAhg ) CE % Ref.
Seeds1400 25 274 10 — 88% 27
TC1600 20 203 100 197 66% 41
Argan-1300 25 360 70 278 86% 26
WHC900 30 371 50 240 71 49
MCS-24 100 545 200 250 47% 53
Hollow carbon 100 537 100 160 41.5% 54
HC-1250 °C 25 403 100 248 68% This work

However, after the first cycle, all HC electrodes have high
coulombic efficiency (CE) and good retention capacity. Thus,
the CE of the electrode reaches 99% and 100% in the second
cycle and remains stable afterwards. The improvement in
cycling performance may be related to a decrease in the surface
functional groups of carbon after high-temperature treatment.

The GCPL curves of the samples shown in Fig. 7B provide
a better understanding of how Na* ions are inserted into carbon
and how this mechanism develops as a function of carboniza-
tion temperatures. Based on the results of cyclic voltammetry
(CV), the charge/discharge curves can be classified into two
different zones. One that slopes above 0.1 V and one that
plateaus below that value. It is widely known that the insertion
storage mechanism of Na' ions varies significantly between
these two regions. As shown in Fig. 7B, the plateau's capacity
increases significantly with increasing carbonization tempera-
ture.” In contrast, the results show that for HC-750 °C, only
a sloping region is observed without a low-potential plateau.
This suggests that the capacity observed for HC-750 °C is mainly
due to the adsorption of Na' ions onto active sites on the
material surface.*® Conversely, the electrodes of HC-1000, HC-
1250, and OP-1250 °C exhibited not only a sloping region but
also a plateau in the voltage range below 0.1 V. The charge
capacity observed in the plateau region for HC-1000 °C is
76 mA h g, representing around 46% of the total capacity. For
HC-1250 °C, the plateau capacity rises to 168 mA h g/,

19554 | RSC Adv,, 2025, 15, 19546-19560

representing 59% of the total capacity (Fig. 7C). These results
are comparable to those of previous studies, which have
demonstrated that the plateau regime rises with an increase in
temperature.*** Therefore, extending the plateau region may
serve as an effective approach to improving the ICE in HC
electrodes.** As the carbonization temperature rises, the
spacing between the carbon layers decreases, which decreases
the slope capacity. Conversely, an increase in the size of the
nano-cavity leads to an increase in plateau capacity. This
observation is confirmed by XRD analysis of hard carbon
samples, which shows a decrease in the d-spacing with
carbonization temperature rises.

At 25 mA g ', Fig. 8A presents the cycling performance of HC
electrodes and OP-1250 °C electrode. After 100 cycles, the HC-
1250 °C electrode displayed a reversible specific capacity of
248 mA h g™, with a CE around 99.9%. Whereas, HC-1000 and
HC-750 °C retained capacity at 161 and 94 mA h g, respec-
tively. Furthermore, the OP-1250 °C electrode shows a signifi-
cantly lower capacity and retention compared to the HC-1250 °C
electrode. These results show that the HC-1250 °C electrode has
a remarkable high performance, underline the importance of
the chemical activation step and the carbonization temperature
in the process to produce hard carbon derived from olive
pomace, and are in good agreement with the porous structure
and active sites in the resulting carbon material. Table 2 pres-
ents a list of hard carbons from biomass and mentioned in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A) CV curves at various scan rates from 0.1to 1.2 mV's

, (B) linear relationship between log(i) vs. log(v) for the samples, (C) linear relation

between peak current ip and the square root of various scan rate V2 (D) impedance spectroscopy of the samples, (E) the capacity contribution at

various scan rates.

literature used as anode for sodium-ion batteries. Some have
superior or similar performances in terms of cycles and cycles
and CE%. However, this often involves complex processes, long
times and very high carbonization temperatures (>1300 °C).2%>"
Fig. 8B displays the rate performance of HC electrodes with
currant densities ranging from 25 to 2000 mA g~ then returning
to 25 mA g . It may be observed that HC-1250 °C not only has
the highest specific capacitance at a low current density of
25 mA g ', but also has the best electrochemical rate perfor-
mance compared to HC-750 °C and HC-1000 °C. Charge capac-
ities of 146,194, and 282 mAh g " at 25 mA g are delivered for
the HC-750, HC-1000, and HC-1250 °C electrodes, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry

In addition, at a higher current density of 2000 mA g, these
electrodes have capacities of 54, 115 and 224 mA h g™, respec-
tively. As soon as the current density gradually decreases to
25 mA g ' after cycling at 2000 mA g, the electrodes may
return to higher capacities than initially found. This confirms
excellent rate capability of the HC electrodes, especially the HC-
1250 °C electrode, indicating the remarkable stability of the
structure during charge/discharge processes. The properties of
HC electrodes are determined by their electronic conductivity
and their ability to intercalate sodium ions.* Increasing the
temperature of carbonization can enhance the electronic
conductivity of the electrode material. However, at higher

RSC Adv, 2025, 15, 19546-19560 | 19555
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(A) The GITT curves of HC-1250 °C, (B) potential profile of constant current pulse with schematic labeling of different parameters, (C)

Dna+ diffusion coefficients calculated from the GITT for discharge process.

current rates, the capacitance decreases because of the plateau
region's reduced contribution.****

To assess the electrochemical performance of HC derived
from the OP, cyclic voltammetry analysis was conducted with
various scan rates of 0.1 to 1.2 mV s~ . The resulting CV curves
(Fig. 9A) provide insights into the sodium-ion storage mecha-
nisms within different HC structures. Typically, sodium storage
behavior can be categorized into two components: (i) a fast
reaction governed by capacitive processes and (ii) a slower
battery-like reaction. By using the eqn (1),**** it is possible to
distinguish between these two energy storage mechanisms:

i=ax (1)

where i is the current density, v is the scan rate, and a and b are
variables. The transformation allows you to obtain the following

eqn (2):
log(i) = b x log(v) + log(a) (2)
The value of the slope () is used to determine the sodium
storage mechanism. If the value of b is close to 0.5, this means

that the process is controlled by diffusion. This corresponds to
the storage of sodium due to a battery-type reaction with slow

19556 | RSC Adv, 2025, 15, 19546-19560

kinetics. Conversely, a b value close to 1 suggests that sodium
storage is mainly dominated by a fast capacitive mechanism.*®
As presented in Fig. 9B, the downward peaks in the discharge
part, referred to as the reducer peaks, and the plots of log(i)
versus log(v), provide insight into the storage mechanism. The
values of b determined for samples HC-750, HC-1000, and HC-
1250 °C electrodes were 0.77, 0.55, and 0.46, respectively. These
values indicate the transition from a predominantly capacitive
mechanism for HC-750 °C to a combined capacitive and
diffusion-controlled mechanism for HC-1000 and HC-1250 °C.
This suggests that as the carbonization temperature increases,
the sodium storage mechanism shifts towards a more diffusion-
controlled process, improving the intercalation of sodium ions.

The equation below (3) can be used to determine the
contribution of capacitive or intercalation processes to a fixed
potential.>”

i(v) = kyv + kpv'? (3)

where i(v) is the current at a given potential V, kjand k, are
constants. The kv part represents the capacitive contribution,
while k,»""* represents the diffusive contribution. By plotting
i(v)/v""* as a function of »"/?, we obtain k, as the intercept and &,
as the slope. Fig. 9C shows a plot based on eqn (3) at constant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Schematic illustration of how sodium ions are stored in hard carbons derived from olive pomace at various carbonization temperatures.

potential. The plots of the anodic and cathodic scans are almost
linear, with an R* value close to unity greater than 98%. The
values of k; and k, were obtained at each particular potential to
calculate the capacitive and diffusive currents. By using this
analysis, we can determine the proportion of each mechanism
in the sodium storage process. Fig. 9E provides a quantitative
analysis of the contribution to the capacity of hard carbons as
a function of increasing scan speed. The results show that the
HC-750 °C sample, characterized by a capacitive contribution, is
predominant (83-93%), indicating a storage mechanism
primarily by surface adsorption. In contrast, for HC-1000 °C, the
diffusion contribution increases with carbonization tempera-
ture, reaching 65%, suggesting a mixed mechanism between
capacitive and diffusion contribution. For HC-1250 °C, the
diffusion contribution is dominant (88-96%), suggesting that
the intercalation of sodium ions into the carbon structure is
primarily responsible for controlling the storage mechanism.
In order to investigate how carbonization temperature
affects the electrochemical properties of HC. Fig. 9D shows the
Nyquist plots of impedance spectrums that are generally
composed of a semicircle in the high-frequency region and
a sloped straight line in the middle and low-frequency zones.
These features may be attributed to the charge transfer resis-
tance (R.) and Warburg impedance (W,) associated with Na*
ion diffusion in carbonized materials.*® For all composite elec-
trodes, as the carbonization temperature increases, there is
a slight decrease in charge transfer resistance (R.). The HC-
1250 °C sample shows the lowest R . value (130 Q) compared to

© 2025 The Author(s). Published by the Royal Society of Chemistry

the HC-1000 °C (139 Q) and HC-750 °C (157 Q) electrodes. A
lower R, indicates faster electrochemical reaction kinetics.
These results highlight the importance of optimizing carbon-
ization temperature to improve the electrochemical properties
and performance of HC anodes for SIBs.

Galvanostatic intermittent titration (GITT) was used to
measure the diffusion coefficient of sodium ions to better
understand the storage mechanisms of sodium ions. Fig. 10A
shows the GITT curves of H-1250 °C. In the GITT tests, sodiation
and desodiation were carried out at a constant current density
of 20 mA g~ . The diffusion coefficient was calculated according
to Fick's second law (eqn (4)):

4 (myVn\’ (AEN’
T (MBA ) (AET)

where 1 (s), mg (g), Vap (cm® mol ™), Mg (g mol "), and § (m* g™ ")
are the pulse duration, active mass of the electrode, molar
volume, molecular weight, and active surface area of the elec-
trode, respectively. Additionally, AEs and AE; are obtained from
the GITT curves (Fig. 10B). Based on these results, the sodium
storage behavior can be divided into two regions: a low-
potential plateau and a high-potential slope. The sodium ion
diffusion coefficient Dy, of HC-1250 °C is in the order of 10~®
em? s~* during the discharge processes, as shown in Fig. 10C.
These found values indicate good transport kinetics of Na* ions
in HC-1250 °C hard carbon derived from olive pomace, con-

firming that the optimization of the carbon structure at high
temperature significantly improves the electrochemical

Dyot =

(4)
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performances, in particular by facilitating the rapid insertion of
sodium ions into the interstices of the carbon.

In summary, the sodium storage mechanism of HC samples
made from OP differs depending on the carbonization
temperature, highlighting the adsorption, intercalation, and
pore-filling mechanisms (Fig. 11). For HC-750 °C, the sodium
storage mechanism is mainly dominated by surface adsorption.
This is indicated by the predominance of a steep slope in the
discharge/charge curves. This indicates that sodium ions
mainly bind to active sites on the carbon surface without
penetrating deeply into the structure. As the temperature
increases to 1000 °C (HC-1000 °C), the storage mechanism
transitions to a combination of adsorption and intercalation.
The GCPL curves display both a sloping region and a plateau at
low potential, suggesting that sodium ions begin to intercalate
between carbon layers while still binding to surface sites. This
shift is facilitated by an improved structural organization of the
carbon, enhancing its storage capacity. For HC-1250 °C, the
storage mechanism is mainly dominated by sodium ion inter-
calation. GCPL curves reveal a well-defined plateau at low
potential, characteristic of intercalation, where sodium ions
penetrate the interstices between carbon layers. TEM and XRD
analyses of HC-1250 °C confirm this ordered structure with well-
defined carbon layers, favoring intercalation and pore filling. As
the carbonization temperature increases, the spacing between
the carbon layers decreases, which facilitates the intercalation
of sodium ions and thus increases storage capacity.

4. Conclusion

In conclusion, the present investigation elucidates the signifi-
cant potential of hard carbon derived from olive pomace as
a highly effective anode material for sodium-ion batteries. The
HC was synthesized and characterized at various carbonization
temperatures. The findings indicate that the optimization of
both carbonization temperature and chemical activation is
imperative for enhancing the electrochemical performance of
the resultant HC. A variety of analytical techniques, including
Scanning Electron Microscopy (SEM), High-Resolution Trans-
mission Electron Microscopy (HR-TEM), X-ray Diffraction
(XRD), Raman spectroscopy, and Brunauer-Emmett-Teller
(BET) surface area analysis, were utilized to thoroughly char-
acterize the structure and morphology of the samples. Based on
the outcomes from XRD and Raman spectroscopy, it can be
concluded that the carbonization temperature effectively
reduces the interlayer spacing, thereby facilitating sodium-ion
intercalation. The electrochemical evaluations were particu-
larly definitive for the HC synthesized at 1250 °C, which
exhibited exceptional performance, achieving a discharge
capacity of 403 mA h ¢! and an Initial coulombic Efficiency
(ICE) of 68%. The HC-1250 °C sample exhibited a specific
capacity of 248 mA h g~ after 100 cycles, in contrast to the HC-
1000 °C and HC-750 °C samples, which recorded capacities of
161 and 94 mA h g7, respectively. These results signify that the
HC-1250 °C sample possesses remarkable cyclic stability and
substantial energy storage capacity. A notable emphasis of this
research resides in the straightforward nature of the synthesis

19558 | RSC Adv, 2025, 15, 19546-19560
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process. This procedure encompasses the chemical activation
of olive pomace using an H3;PO, solution, which engenders
phosphorus doping within the carbonaceous material, followed
by subsequent thermal carbonization. By adopting this
approach, the waste generated from olive residues can be
valorized and transformed into efficient materials for energy
storage applications.

5. Future perspectives

It is evident that anode materials, such as graphene or silicon-
based composites, possess exceptional electrochemical prop-
erties that make them more suitable for lithium-ion batteries.
Nonetheless, they might not be the most efficient way to
advance sodium-ion battery technology. As an alternative, hard
carbon derived from olive pomace is a potential candidate as
a commercial anode material for sodium-ion batteries due to its
favorable electrochemical properties and structural stability.
And contribute to the advancement of sustainable battery
technologies and promote the circular economy by valorizing
agricultural waste. The findings underscore the viability of
using olive pomace, a readily available and carbon-rich
byproduct, in the synthesis of hard carbon, which exhibits
favorable electrochemical properties and structural integrity.
Future research should focus on evaluating the electrochemical
performance of the HC obtained in the assembly of a full cell
and exploring carbon materials made from cellulose or lignin
produced from olive pomace.
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