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Highlights
e Hard carbon (HC) material was synthesized as an electrode for energy storage application.
e The HC electrodes exhibited high capacities and promising cycling performances for Li/Na-
ion batteries.
e The diffusion behaviour of electrodes is discussed for both for Li/Na-ion batteries.

e The electrodes also delivered high performance upon long cycling for supercapacitors.

Abstract

Over the last few years, biomass-derived hard carbon materials are drawing more and more
attention because of their high abundance, cost breakdown, high performance, and fast
regeneration. In this context, the synthesis of hard carbon from olive leaves, a widely available
by-product of table olive and olive oil industries, is here reported and its performance, as a
sustainable electrode material for Li-ion batteries (LIBs), Na-ion batteries (NIBs), and
supercapacitors (SCs), are evaluated. According to the information acquired by structural

characterization, a disordered structure is confirmed for the synthesized hard carbon. When



tested as anode for LIBs and NIBs, electrodes based on Na-CMC green binder show discharge
capacities of 331.0 mAh g* and 265.4 mAh g at 1C, respectively, with promising cycling
stability. In SC application, the electrode delivers a high specific capacitance of 169.6 F g* at
0.5 A g and remarkable capacity retention of 96.7% after more than 20000 cycles at 10 A g
1. As aresult, this work confirms the possibility to use olive leaves-derived hard carbon material
for the low-cost, environmental-friendly fabrication of electrodes with high energy and power
capabilities.

Keywords: Biowaste-derived hard carbon; Li-ion batteries; Na-ion batteries; Supercapacitors.
<Graphical abstract>

1. Introduction

How to respond to the needs of billions of people worldwide with the beat of climate change?
To mitigate the most major and intricate challenges facing humanity today, we must learn to
re-think the economic system we are experiencing every day and act upon it.

In many application areas, some of the most practical technologies for storing energy are Li-
ion batteries (LIBs), Na-ion batteries (NIBs), and supercapacitors (SCs) [1]. The earliest
attention to LIBs and NIBs has drawn in the 1980s [2]. Heretofore, L1Bs have become the most
advanced energy storage devices penetrated into everyday life [3], while the development of
NIBs was sluggish [2]. The utilization of LIBs has extensively extended from small and light
battery packages in portable electronics (laptops, cell phones, etc.) to large-scale applications
in electrified vehicles (hybrid, plug-in hybrid, and fully electric), thanks to their high energy
and power densities [2,4-6]. However, there are concerns associated with the limitation of Li
resources to meet the worldwide demands and increase the price of lithium carbonate [7]. Thus,
in order to meet the needs for future energy storage applications, NIBs have attracted
considerable attention as potential LIBs substitutes [8,9] owing to similar chemical properties
of Na with Li in many facets, more than 1000 times higher earth's abundance of Na resources
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than those of Li, and lower cost [2]. Concerning SCs, they are used for a huge number of
applications as the foremost energy storage devices with outstanding properties including a
high power density, a reasonable energy density, and a long cycle life [10]. In order to develop
these practical technologies (LIBs, NIBs, SCs) in terms of electrochemical performance, cost,
safety, and sustainability, the most viable approach is the use of cost-effective, environmentally
benign, and abundant materials. For commercial alkali-ion batteries and SCs, carbonaceous
materials are considered as prospective electrode materials due to their low cost, high
abundance, and specific structural and electronic properties [1,11].

On the other hand, products have been designed up to now in a linear model from the cradle to
the grave, from production to consumption to waste. The market is beginning to realize that it
can make value by reusing and recycling products in a closed loop, whereby they do not
become waste but vital resources again [12]. A disruptive transformation in the industry is
pinned to a change in the consumer market and its demands for sustainable goods. The
production surplus can and should be transformed into secondary raw materials, from the
perspective of the circular economy.

With the aim of reusing and disposing of waste materials and increasing the sustainability of
energy storage devices, an extensive research effort has been devoted to the production of hard
carbons (HCs) from raw and waste biomasses [13]. For instance, corn cobs [14], banana [15],
apple peel [16], phenolic resin [17], citrus peel [18], peat moss [19], rice husk [20], tire [21],
rose [22], peanut shell [23], pitch and lignin [24], leaf [25], and cotton [7] have been reported
as secondary raw materials for the synthesis of HCs as anode materials for NIBs. Due to the
similarity of the Na* intercalation mechanism to Li* [3], some works have also been reported
comparing the performances in NIBs and LIBs, of anodes based on HCs prepared by using
waste biomasses, such as orange peel [26], olive pits [27], peanut shell [23], etc. In addition,

the fast kinetics of charge storage at HCs surface, due to the high surface areas, makes them



also feasible for application in SCs [22,28,29]. SCs of this type known as electrostatic or
electric double-layer capacitors (EDLCs) are able to store charge at their surface by creating
electrostatic charge diffusion and adsorption in a Helmholtz double layer at the
electrode/electrolyte interface [22].

It should be noted that the main aim of the paper is to demonstrate the feasibility of a sustainable
synthesis, from food-waste raw material, of a carbon, which is suitable for three kinds of
applications in energy storage such as LIBs, NIBs, and EDLCs (see Fig. 1). Sustainable hard
carbon obtained by chemical acid activation and pyrolysis of olive leaves and the enhanced
electrochemical performances indicate that this low-cost and eco-friendly material, could be a
promising candidate for Li/Na-ion batteries and supercapacitors. In fact, the leaf consists of
cellulose, hemicellulose, and lignin [30], offering a good template for the preparation of carbon
with high porosity through acid and heat treatment [31]. Further, leaves with anisotropic
surfaces (back surface is porous but upper surface is non-porous) not only can facilitate
pathways for electrolyte by providing extra channels but also provide high adhesion strength
of the electrode film to the substrate as the electrode for batteries and supercapacitors [25]. The
choice of olive leaves is because of a widely available by-product of table olive and olive oil
industries. In many countries, people worldwide use daily olive oil in their cuisine. To date,
the products of the olive tree are also used for cosmetics, medicine, etc. Olives are harvested
most commonly by machine or handheld tools, in which the branches are shaken, making the
olives and leaves drop. Leaves are then left on the ground, resulting in easier to collect than
roots, trunks, or pits. Besides, the interest in olive leaves as waste biomass comes from the fact
that Italy is well-known for the second-largest amount of olive oil production. Italy produces
an average olive oil quantity of around 550,000 tons over the last four years. Thus, olive

farming in Italy makes huge quantities of olive leaf waste which can be considered as a waste



biomass raw material characterized at the same time by wide abundance and ease of collection

and should be managed from an environmental point of view.

Na-ion batteries
Li-ion batteries

Supercapacitors

Washed biomass Olive leaves-derived
Hard carbon

Acid treated biomass

Fig. 1. Sustainable utilization of biomass waste for the synthesis of hard carbon for 3 applications;
LIBs, NIBs, and SCs.

2. Experimental

2.1 Material synthesis

The olive leaves are directly collected from the Marche region, Italy. The olive leaves were
washed with distilled water and dried at 80 °C for 3 days in an oven. The raw material was
smashed and immersed in the solution of dilute hydrochloric acid (HCI) for three days to obtain
a more porous structure and to remove any residual impurities (leaves and HCI with a weight
ratio of 1:3). Afterward, the product was washed using ultrapure water several times until pH=7
was obtained and then stored at 80 °C overnight. Olive leaves-Derived Hard Carbon, hereafter
designated as OLDHC, was prepared by the pyrolysis of the product in a tubular furnace at 970

°C for 6 h under argon atmosphere after a heating ramp of 5 °C min! [12] (the pyrolysis yield
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was ~ 24%). The mentioned temperature was used because small molecules, such as H20, CO3,
and N2 among others, are released, resulting in high porosity materials, and low particle density
for a heat treatment temperature near 1000°C [11]. At higher temperatures (>1200 °C) the
nature of the pores could be less open, leading to decreased BET (Brunauer, Emmett and Teller)
surface areas [11] and resulting in lower performance in energy storage devices. Besides,
specific surface area and pore-size distribution are the two most essential aspects influencing
the performance of carbonaceous materials in EDLCs [1], therefore, HCs prepared for this
purpose were heated near 1000°C [22,28,29]. Ultimately, the resultant powder was milled in a
Retsch S100 ball mill with a speed of 400 rpm for 4 hours (agate jar of 50 mL and agate ball

diameter 10 mm, ball-to-powder ratio= 4:1 in weight).

2.2 Material characterization

The structure of the OLDHC powder was characterized by X-ray diffraction (XRD) (Bragg—
Brentano geometry, Cu-Ko, A = 1.54059A) and Raman spectra (Horiba IHR 320, wavelength
532 nm). From XRD, the interlayer spacing (d,o.), the stacking height (L.), and the graphene
stacking layers number (n) were defined. The d,,, was calculated based on Bragg’s law: dyg, =
A/ 2sin(6,0,), with A = 0.154 nm, while the L. was obtained from Scherrer’s equation: L, =
0.94/ Booz cos(Bg02), Where Pooz is equal to the full width at half maximum (FWHM) of 002
peak. n was obtained by dividing L. by d,,, [12,32]. By Raman spectra, the graphitic domain
size (L,) was revealed from L, = (2.4 = 1071%) A*( 1, /1;) ™1, with A =532 nm [19,32]. The Fityk
software was used to perform background removal and normalization. The deconvolution of
the spectra was carried out by using Lorent-zian-Gaussian fitting on Spec5 software. The
morphology of the samples and the distribution of elements were explored by scanning electron
microscopy (SEM) analysis using a FE-SEM Cambridge Stereoscan 360 electron microscope
coupled with energy dispersive X-ray spectroscopy (EDX). The Infra-Red spectra of the

pristine olive leaves were carried out using a Perkin-Elmer Spectrum Two FTIR spectrometer



within the wave number range of 500 to 4000 cm™. To study pore characteristics, nitrogen
adsorption-desorption isotherm was performed at —195.8 °C in a Micrometritics ASAP 2020
analyzer on a sample preliminarily outgassed for 12 h at 200 °C. The specific surface area
values were calculated by the linear plot in the relative pressure range.

X-ray Photoemission Spectroscopy (XPS) measurements were done using an in-house XPS
apparatus. The powder was shaped into pellets and was introduced through a specially designed
load lock chamber into the measurement chamber. For measurement, a focused Al K radiation
(hv=1486.6 e¢V) with the base chamber pressure of 10~° mbar was utilized. To confirm the
homogeneity of the sample as well as radiation degradation prevention, different points on the
sample were examined with a short dwell time. Core peaks were evaluated via a non-linear

Shirley background.

2.3 Electrode preparation and electrochemical tests for LIBs and NIBs

The working electrode was prepared by mixing the OLDHC active material with conductive
carbon SuperC-65 and Na-carboxymethyl cellulose (CMC) (Sigma-Aldrich) binder (80:10:10
in weight) in deionized water, then coating the acquired slurry onto Cu foil for LIBs and onto
Al foil for NIBs by using a doctor blade. After drying the laminates at room temperature
overnight, the anode electrodes were cut and punched and then vacuum dried in BUCHI Glass
Oven Drying at 120 °C for 10 hours. The main purpose of vacuum-drying is to allow the
removal of moisture under vacuum. OLDHC-based electrodes were evaluated in half cells
using either metallic Li or Na, correspondingly, both as the counter and reference electrode in
T-shape polypropylene Swagelok-type 3 cells. Assembly was performed in an argon-filled
glove box (Jacomex GP-campus, oxygen, and moisture content less than 0.8 ppm). 1 M LiPFs
in a mixture of 1:1 (v/v) ethylene carbonate (EC)/dimethyl carbonate (DMC) (preformulated
by Solvionic, France) electrolyte was used for LIBs, while 1 M NaClO4 (Sigma-Aldrich) in

EC: PC (Sigma-Aldrich) electrolyte was used for NIBs. For both LIBs and NIBs, a glass fiber



disk (Whatman GF/A) was utilized as separator. The electrochemical behavior of the electrodes
was characterized by a VMP-3 multichannel electrochemical workstation (Bio-Logic, France).
All the cells were kept 12 h at open circuit voltage (OCV) before running the measurements.
Cyclic voltammetry (CV) was obtained in the potential range within 0.01-3.00 V at 0.05 mV
st scan rate. All potential values are given vs. Li*/Li and Na*/Na redox couples for LIBs and
NIBs, respectively. GCPL tests of the electrodes were collected in the same potential range at
1C= 300 mA g™ with respect to active material mass. In addition, the C-rate capability of the
electrode was tested in the C/10 to 2C range (5 cycles at every rate), and capacity recovery was
subsequently evaluated at C/10 for LIBs and NIBs. Electrochemical impedance spectroscopy
(E1S) measurements were carried out at each 10" cycle at E = 0.5 V bias potential, with an AC
amplitude of 10 mV, in the frequency range 10 mHz < f < 100 kHz. The GITT measurements

were carried out at C/10 with pulse time t= 0.5 h and relaxation period of 2 h.

2.4 Electrode preparation and electrochemical test for EDLCs

To make a slurry, the same procedure has been applied for EDLC electrodes, by using
Polyvinylidene fluoride (PVDF) binder dissolved in a N-methyl pyrrolidone (NMP) (both
chemicals from Sigma-Aldrich) slurry. The mixed slurry was uniformly coated onto a nickel
foam current collector and heated at 70 °C for 2 h and then dried at room temperature. After
drying, the electrode was pressed using a rolling press. The electrochemical behavior of the
OLDHC electrode was tested via a standard three-electrode system in 6.0 M KOH aqueous
solution using a SP-240 electrochemical workstation (Bio-Logic, France). A Pt foil and an
Ag/AgCI electrode served as the counter and reference electrodes, respectively. The cyclic
voltammetry (CV) was tested between -1.2 V to 0 V vs. SCE at the scan rates of 2, 5, 10, 25,
50, 75, 100 mV s, The charge/discharge behavior was evaluated at different current densities

between -1.2 V to 0 V vs. SCE, while the cycling behavior of the electrode was estimated at 10



A g up to more than 20000 cycles. EIS measurements were carried out in the frequency range

from 10 mHz to 100 kHz, with an AC amplitude of 10 mV over OCV.

3. Results and discussion

3.1 Structural analysis

Chemical, structural, and morphological investigation of pristine olive leaves was performed.
SEM (Fig. Sla-c) reveals a typical morphology of olive leaf in which the surface has scale-
like, peltate trichomes that often overlap. The distribution of elements was examined by EDX
analysis, shown in Fig. S1d. The result shows the presence of carbon, oxygen, calcium,
potassium, silicon, aluminum, and magnesium in pristine olive leaves. FTIR analysis shows
the presence of nitrogen in the pristine olive leaves (Fig. S2a). The elemental analysis also
shows the small amounts of nitrogen in both pristine olive leaves and olive leaves-derived hard
carbon, which can be expected to increase the conductivity of the sample (Fig. S2b,c). The
structure of OLDHC has been evaluated by X-ray diffraction (XRD) and Raman spectroscopy,
as shown in Fig. 2a-d. The XRD pattern of the ball-milled sample (Fig. 2a) is typical of HCs
(amorphous structure with a lack of long-range order) and shows two broad peaks located
around 20 = 23" and 260 =44, which are related to the (002) and (100) planes of graphite,
respectively. The calculated interlayer spacing (d,,,) of OLDHC powder, which is around 0.38
nm, represents a random combination of graphitic and turbostratic stacking [33]. This value is
higher than that of graphite (dyo, = 0.33 nm) and of soft carbon (0.34 < d,,, < 0.36 nm), which
simplifies Na* ion diffusion between carbon layers [34]. The stacking height (L) value is about
0.75 nm, which is in good line with the reported sp? carbonaceous materials. In addition, the
average graphene stacking layers number (n) was determined around 1.98. To investigate the
OLDHC structure before and after ball milling, Raman spectroscopy has been utilized. The
spectrum of both samples show D-band peaks at ~1348.39 cm™, G-band at ~1582.94 cm™, and

two broad peaks at about 2600 cm™ and 2887 cm™, corresponding to 2D and D+G bands, which



are typical for all graphitic materials (Fig. 2b) [17]. The D-band (the defect-induced band) is
associated with vacancies and a disordered state of carbon, while the G-band (the crystalline
graphite band) corresponds to the C-C stretching bond in the graphitic carbon phase, caused by
the sp2-hybridized atom vibration mode in the carbonaceous materials [35]. Fig 2c,d show the
fitted results of the OLDHC before and after ball milling. As can be observed, D* peak can be
assigned to the sp2-sp3 bonds, D** peak is correlated to the vibrational response of the
amorphous carbon content such as adsorbed molecules, molecular fragments, or functional
groups, and D' band is another lattice vibration of the surface graphene layers [36]. The
intensity ratio of D-bands over G-bands (Io/lg), which reveals the disorder of the prepared hard
carbon, is found to be 1.10 and 1.16 for powder before and after ball milling, respectively,
representing that the degree of defect increased by ball milling [37]. Besides, the 2D band
provides information about the graphitization degree, while the D+G band is associated with
the defect activated process for elastic scattering [17]. The graphitic domain size (L,) was
calculated at around 17.47 and 16.57 nm for powder before and after ball milling. Therefore,
the calculated crystallographic parameters by XRD and Raman spectra, confirm a certain
degree of graphitization, together with a disordered structure of OLDHC material [17,32].

To evaluate the surface chemistry of the HC before and after ball milling and the existence of
various surface terminal groups, XPS of the powders was carried out. Fig. 2e shows the XPS
spectra of both powders, while Fig. 2f, g shows the fitted spectra of C 1s and relative C-
containing chemical species for both samples. The spectra of both samples are very similar and
reveal the presence of heteroatoms of O and N on the surface of both samples. The existence
of oxygen is due to partial oxidation of the surface during synthesis, which slightly increased
after ball milling. It is well known that the graphenic sheets in HC can contain defects, edges,
functional groups, and heteroatoms [11]. The heteroatoms act as electron donors toward the

graphenic sheets and increase the electron density at defects in the graphenic layer, leading to
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complex reduction reactions on the surface [11]. Therefore, they can provide additional sites
for the reversible adsorption of Li*/Na*, improving the electronic conductivity and
electrochemical reactivity [23].

The nitrogen adsorption-desorption isotherms can be observed for the material before and after
ball milling (Fig 2h,i), which are the typical IV isotherms with a distinct hysteresis loop at a
relative pressure P/Po between 0.4 and 1, representing the presence of micropores and
mesopores [22]. To be specific, the Brunauer-Emmett-Teller (BET) surface area, pore diameter
according to density functional theory (DFT), and BJH (Barrett, Joyner, and Halenda)
desorption average pore diameter before ball milling were determined to be 681.64 m?/g, <
0.39 nm, and 6.02 nm, respectively (Fig 2h). However, these values were improved to 839.33
m?/g, < 0.49 nm, and 4.02 nm after ball milling (Fig 2i). As shown in the inserts of Fig. 2h,i
the sample after ball milling shows micropores mainly located at 4 nm, revealing that the ball
milling process allowed the biochar to be well-defined porous fragments with more uniform
diameters. The enhanced BET area and pore size distribution of ball-milled powder allow more

electrolyte to enter the pores, enhancing the charge storage ability [24].
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Fig. 2. Chemical and physical characterization of OLDHC powder: (a) XRD pattern; (b) Raman spectra;
(c) De-convoluted Raman spectra before ball milling and (d) after ball milling Raman; (e) XPS spectra;
(f) C 1s core-level before ball milling and (g) after ball milling; (h) Nitrogen adsorption-desorption
isotherm and pore size distribution (insert) before ball milling and (i) after ball milling.

The SEM morphologies of the prepared hard carbon are shown in Fig. 3 a, b, before and after
ball milling. Both present block morphology and fine fragments [32]. However, after ball-
milling an obvious decrease in the size of particles and less agglomeration can be detected in
the OLDHC powder. Minimizing particle size and inhibiting particles from aggregating can

have a considerable impact on the surface storage mechanisms, by improving specific surfaces,
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increasing conduction, enlarging active sites, and finally providing extra capacity [12]. The
elemental composition assessed by EDX analysis reveals that apart from carbon and oxygen,

there is a small quantity of Cl impurities which is originated from acid treatment (Fig. S3).
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Fig. 3. (a) SEM images before ball-milling, and (b) after ball-milling.

3.2 Lithium storage performance

The lithium and sodium storage in hard carbon materials still remains with a content of
discussion due to the complexity of the hard carbon microstructure, which includes
heteroatoms, defect and edge sites, lateral size and thickness of graphitic layers and micropores
[38]. For instance, Steven et al. evaluated the storage mechanism of the carbonaceous material
with in-situ scattering study [39,40]. They revealed the model of “intercalation-adsorption”,
meaning that intercalation of alkaline ions into pseudo-graphitic regions at higher potential
(sloping potential curve), and adsorption of ions in micropores created by the pseudo-graphitic
domains, leading to a plateau at low potential [39,40]. On the contrary, more recent
investigations proposed the mechanism of “adsorption-intercalation”. This suggests that the
high-potential sloping curve is related to alkali ions adsorption in the defect and edge sites,
while low-potential plateau is associated to intercalation between parallel graphene sheets [41].
The lithium storage performance of the ball milled OLDHC electrode has been characterized
by cyclic voltammetry (CV) and galvanostatic discharge/charge cyclation in the potential

window of 0.01-3.00 V in half cells vs. Li* /Li. The CV profiles obtained during the first four
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cycles at a scan rate of 0.05 mV s are shown in Fig.4 (a). During the first cathodic scan process,
a large irreversible capacity, evidenced by overlapped features in the region between 1 and 0.5
V, is ascribed to the irreversible reactions of electrolyte with surface functional groups and
solid electrolyte interphase (SEI) formation [42]. Upon the subsequent anodic and cathodic scans,
two reversible and sharp oxidation/reduction peaks located at around 0.1 V are visible, together
with two broad shoulders in the 0.1 to 1.5 V. According to “adsorption-intercalation”
mechanism, the sharp peaks are due to Li* ion intercalation/deintercalation, while the broader
features can be assigned to surface adsorption/desorption phenomena. The E vs. Q profiles and
cycling performance at 1C rate are shown in Fig.4 (b, ¢). The E vs. Q profiles is typical of HCs,
consisting of two steps, a potential sloping region extending to around 0.1 V, and a low
potential plateau, which describe the same adsorption-intercalation features evidenced in CV.
The electrode exhibits an irreversible specific capacity of 643.7 mAh g and Coulombic
efficiency of around 48% upon the first cycle, performed at 1C. As mentioned before, in the
initial cycle, the irreversible capacity is principally because of the irreversible SEI film
formation, the irreversible reaction between Li and surface functional groups, and other side
reactions [43]. Nevertheless, the Coulombic efficiency quickly approaches 99% after few
charge/discharge cycles. During the second cycle, the discharge capacity of the electrode is
331.0 mAh g and capacity retention of around 82.3 % after 100 cycles.

To investigate the response of the OLDHC electrode at different currents, the cell was charged
and discharged in the cycling rate from C/10 to 2C and back to C/10 between 0.01 and 3 V vs.
Li* /Li. Fig. 4d shows the discharge capacity as a function of C-rate. The OLDHC electrode
shows good rate capability at all C-rates, with reversible discharge capacity values of 350.0,
334.2, 315.6, 279.7, 235.8 mAh gtat C/10, C/5, C/2, 1C, and 2C, respectively.

To evaluate the kinetics of the charge/discharge processes and the interfacial behavior of the

OLDHC electrode, electrochemical impedance spectroscopy (EIS) analysis was performed
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every 10" cycle at E = 0.5V, at T = 25 °C, in the frequency range of 5 mHz to 100 kHz. The
corresponding Nyquist plots are presented in Fig. 4e. All dispersions demonstrate common
features: (i) an intercept on the real axis at highest frequencies correlated with electrolyte
resistance; (ii) a high-frequency semicircle related to accumulation of charge at SEI surface
and migration through it, which is partly overlapped by (iii) a medium-frequency semicircle
correlated with electrical double layer formation and interfacial charge-transfer process; (iv) a
sloped line at low frequencies corresponding to Li* ion diffusion to a blocking electrode [44].
The ac-impedance diagrams present comparable behaviors at 1%t and 10" cycles. Form the 20"
cycle, different behavior and lower overall resistances, especially in the high-frequency region,
are observed. This can be because of a rearrangement of the electrode/electrolyte interface due
to the initial morphological instability [12]. The dispersions have been modelled with RelaxIS
software (rhd instruments, Germany) via the equivalent circuit noted as Rel (Rsei Cser)(RetCar)
WC;i in the notation of Boukamp (inserted in Fig. 4f) [45]. Rel, Rsel, Csel, Ret, Cai, W, Ci are the
electrolyte resistance, the resistance and capacitance correlated with the passivation layer, the
resistance of the charge-transfer process, the electrical double layer capacitance, the Warburg
impedance and the intercalation capacitance, respectively [46]. Fig. 4f shows the overall trends
of the calculated values of Rel, Rsel, and Ret. In order to take into account any inhomogeneities
and roughness of the electrodes, during the fitting procedure, all the C elements have been
substituted by constant-phase elements (CPE), marked as Q [47]. The Rsg are initially high,
then sharply decrease and finally increase again, due to initial rearrangement and then
continuous growth of the electrode/electrolyte interface. The Rt is initially decreasing and then
almost constant upon cycling, indicating a stable charge transfer process at electrode surface.

As regards electrolyte resistance, the calculated Res values face a minor increase upon cycling.
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For evaluating the diffusion behavior, the galvanostatic intermittent titration tests (GITT) serve
as a powerful, tool linking charge kinetics and thermodynamics in insertion compounds. To
achieve these, a GITT experiment was carried out at 0.1 C pulse current, 30 min pulse time,
and a relaxation period of 2 h, between 0.01 and 3.0 V, and the apparent diffusion coefficient
was calculated, as shown in Fig. 5a- d. Based on Fick’s second law of diffusion, the diffusion

coefficient of Li* (Dvi+) can be determined as following [7]:

4 mg Vp, ., AE
= — G ) o~
AE;

)2

where 1 is the pulse duration, V;, is the molar volume, mp and My are, respectively, the active
mass and molar mass of carbon employed, S is the active surface area of the electrode, AEs is
the OCV difference between two subsequent steps and AE- is the voltage difference generated
by the current pulse. As shown in Fig. 5c, d, the Li* ions diffusion coefficient is in the range of
1-10 x107*° cm? s7* during intercalation and deintercalation. The difference in the diffusion
coefficient values in sloping and plateau regions reveals the presence of two different lithium
storage mechanisms, according to the “adsorption- intercalation” model. Upon the lithiation
process (Fig. 5c¢), the diffusion coefficient gradually decreases until the cut-off potential is
reached. After the early stages of Li* ion storage, occurring by adsorption of Li* at unreacted
carbon surface, further adsorption of Li* is energetically hindered by the presence of the
previously adsorbed ions, thus resulting in hampered surface diffusion and slightly decreasing
D values [38]. The steeper drop of Li* diffusion coefficient below 0.4 V can be ascribed by to
the bulk solid-state diffusion of the intercalating Li* ions, which have now to overcome the
repulsive forces due both to surface-preadsorbed and bulk-intercalated Li* ions. Upon
delithiation (Fig. 5d), the diffusion coefficient first reduces until the voltage of about 0.1 V,
then increases and finally decreases again until the cut-off potential [48]. The sharp decrease
and increase of value at lower potential can be due to overcoming the repulsive forces from the

interactions between the inserted ions and the surface in order to diffuse out from the
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microcrystalline phase. Above 0.2 V, the value drops as the potential increases, representing

the desorption of Li* ions from sites at progressively higher energy [31].
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Fig. 5. GITT tests results of OLDHC-based LIB electrode at 0.1 C pulse current, 30 min pulse time,
and a relaxation period of 2 h. Li* intercalation (a) and deintercalation (b) upon the second cycle; Li*
apparent diffusion coefficients obtained from GITT during Li* intercalation (c) and deintercalation (d).

3.3 Sodium storage performance

As for LIBs, OLDHC can be utilized as NIBs candidate anode material as well. To explore the

Na*-storage properties of the ball-milled OLDHC electrode, electrochemical measurements

were carried out in the potential window of 0.01-3.00 V in half cells vs. Na* /Na. Fig. 6a shows

the CV curve at the initial four cycles at a scan rate of 0.05 mV s*. Discharging voltage plateaus

can be observed at initial cycle, disappearing at the following cycles. This feature reveals the
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first irreversible sodiation capacity and results into low initial coulombic efficiency, which is
due to SEI formation and electrolyte decomposition [37]. During all the cathodic and anodic
scans, the intense redox peaks around 0.01 V can be assigned to reversible Na* ions insertion/
extraction involving the hard carbon structure [49]. Galvanostatic E vs. Q profiles at 1C are
presented in Fig. 6b, while Fig. 6¢ reports the charge/discharge capacity values upon cycling,
together with the calculated Coulombic efficiency. The anode exhibits a specific capacity of
435.8 mAh g and a Coulombic efficiency around 52.4% during the initial cycle. The discharge
capacity of the electrode is 265.37 mAh g at 1C during the second cycle (comparable or even
superior to those reported in the literature, see table S1), and minor irreversibility can be seen
up to the fifth cycle. Afterwards, the reversible capacity stabilizes at around 200 mAh g2, with
Coulombic efficiency of 99.7% and capacity retention of around 71.7% after 100 cycles. The
initial irreversible capacity and low initial coulombic efficiency confirm the CV results. The
response of the OLDHC electrode at different currents was also investigated for NIBs and the
cell was discharged and charged in the cycling rate from C/10 to 2C, and back to C/10, between
0.01 and 3 V vs. Na*" /Na. Fig. 6d presents the discharge capacity as a function of C-rate. The
electrode delivers promising rate capability at all C-rates, with a reversible discharge capacity
of 294.8, 270.2, 242.7, 222.5, 178.8 mAh g'at C/10, C/5, C/2, 1C, and 2C, respectively.
However, the cell shows the low Coulombic efficiency at C/10, which can be due to high
surface reactivity toward slow-kinetics electrolyte decomposition. The OLDHC electrodes
were also charged and discharged at high C-rate (5C) up to 100 cycles and the electrode shows
high specific capacities of around 150 and 300 mAh g for NIBs and LIBs, respectively, as
shown in Fig. S4. Besides, in order to evaluate the effect of ball milling and particle size on the
electrochemical performance, the cells based on not ball-milled OLDHC active material, were
charged and discharged at 1C in the potential window of 0.01-3.00 V (see Fig S5). The

OLDHC-based (without ball-milling) LIB electrode shows a specific capacity of 325.14 mAh
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g with a capacity retention of 64% after 100 cycles (Fig. S5a), which is lower than those for
the ball-milled OLDHC-based electrode. Regarding NIBs, the ball-milled OLDHC-based
electrode demonstrates a higher specific capacity and more stable cycling compared to not ball-
milled OLDHC electrode (specific capacity of 225.32 mAh g*), observed in Fig. S5b.
Therefore, as expected, reducing particle size and hindering particles from aggregating have a
considerable impact on the electrochemical performance by expanding the active
material/electrolyte interfacial area and decreasing the solid-state ion diffusion pathways
during cycling. The performances obtained in this work, are comparable or even superior to
those reported in the literature for hard carbon electrodes for both LIBs and NIBs, shown in
Table 1.

To evaluate interfacial properties EIS characterization was carried out for each tenth cycle at
E = 0.5V for NIBs as well. The Nyquist plots are presented in Fig. 6e. The semicircle in the
high frequency area outcomes from the SEI resistance (Rsei) and charge transfer impedance
charge (Rct) at the electrode/electrolyte interface, while the line in the low-frequency region
results from the Warburg impedance (W), which comes from the diffusion of the Na* ions in
the electrode material. Upon the first cycle, a different behavior is revealed compared to
subsequent cycles, which can be due to activation of the electrode [12]. The dispersions were
fitted with the same equivalent circuit proposed for LIBs and the results are shown in Fig. 6f.
Both Re and Rsgi values face slight oscillations and show an increasing trend upon cycling.
Higher resistance values are associated with charge-transfer processes. The Rt is high during
the first cycle, and almost constant for the following cycles, confirming the interfacial behavior

stability of the electrode.
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Table 1. Selected overview of literature on hard carbon electrochemical performances for
sodium-ion/lithium-ion batteries.

Precursor Binder Specific Capacity  Specific Capacity = Current density  Refs.
for LIBs (mAhg?)  for NIBs (mAhg?) (mAg?)
Unburned Na-CMC 350 150 100 [48]
charcoal-
Derived HC
Olive pits- PVDF 290 243 30 [27]
Derived HC
N-doped HC PVDF 389 after 100 cycles 136 after 100 cycles 100 [50]
Tires-Derived Teflon 290 140 30 [51]
HC
D-glucose- PVDF 400 175at 0.1V vs 25 [52]
Derived HC Na/Na* and 330 at
1.5V vs Na/Na*
Coffee ground- CMC 421 173 60 [12]
Derived HC
Peanut shells- PVDF 474 193 1000 for LIBs and [23]
Derived HC 250 for NIBs
Bamboo Na-CMC 600 200 200 for LIBs and [31]
leaves- 100 for NIBs
Derived HC
HC, Kuraray, Na-CMC 220 280 30 [53]
Japan
Olive leaves- Na-CMC 331 and 265 and 150 300 and 1500, This
Derived HC 300 respectively. work

Fig. 7a-d shows the GITT curves of NIBs at 0.1 C pulse current (30 min pulse time, and a
relaxation period of 2 h between 0.01 and 3.0 V) and the obtained apparent diffusion
coefficient. As can be observed in Fig. 7c, d, the Na* ions diffusivity coefficient is in the range
of 1-4.5 x1071° cm? s "t upon the sodiation and desodiation, representing the fast diffusion of
Na*, which results in a good rate capability. Upon the sodiation process (Fig. 7c), the diffusion
coefficient first decreases, then slightly increases, decreases again and finally increases. In the
desodiation process (Fig. 7d), the diffusion coefficient first declines until 0.10 V, and then
increases followed by decreasing again before the cut-off voltage. The difference in the
diffusion coefficient values in sloping and plateau regions reveals the presence of two different
sodium storage mechanisms according to the “adsorption- intercalation” model. During
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sodiation, higher Na* ions diffusion coefficient values are evidenced in the potential sloping

region extending down to 0.1 V, which corresponds to the adsorption of Na* ions on the

surface-active sites, such as micropore surface, edge, defects, of the hard carbons due to the

easy accessibility of Na* ions [38]. The next step is the intercalation of alkaline ions between

the layers, resulting in considerable drop of ions diffusivity. As mentioned for LIBs, this can

be due to overcoming the repulsive forces from the interactions between the inserted ions and

the surface to diffuse into the microcrystalline phase.
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Double layer capacitive performance

To investigate the electrochemical performances of the OLDHC for supercapacitor, a three-
electrode system was utilized in a 6 M KOH aqueous electrolyte under the potential range of -
1.2 -0V vs. SCE, as shown in Fig. 8a-d. The CVs of the electrode (Fig. 8a) at various scanning
rates of 2, 5, 10, 25, 50, 75, and 100 mV s display a quasi-rectangular shape with no significant
distortion. This demonstrates the outstanding charge diffusion, a high reversible capacitance,
good rate capability, and stability [54,55], which can be explained by the shortening of ion
diffusion pathways due to the high porosity of the material [22]. Besides, all CV curves show
no Faradaic peaks, demonstrating the predominant role of the electrostatic charge storage
mechanism [55].

The galvanostatic charge/discharge (GCD) curves of the electrode at different current densities
of 0.5, 1, 2, 3, 5, 8, and 10 A g exhibit nearly symmetric triangular shape without IR drop
(Fig. 8b), representing EDLC behavior and excellent reversibility of capacitive charge storage
[35]. The specific capacitances (SC) versus different current densities ranging from 0.5 to 10

A gt are given in Fig. 8c, which are calculated by the following equation 1:

SC=—0 L)
Where I is the discharge current (A), At is the discharge time (s), AV is the potential
window (V), and m is the mass of electro-active material (g) [56]. The calculated SC
values from GCD curves are 169.6, 147.5, 135.1, 125, 120.4, 110.3, 104.2 F g at
current densities 0f 0.5, 1, 2, 3, 5, 8, and 10 A g1, respectively. The performances shown
herein are comparable or even higher than those reported in recent literature for hard
carbon electrodes in comparable current ranges (Table 2).

To shed light on the charge storage kinetics and electrolyte ion diffusion properties, EIS

measurements were carried out at a frequency range of 10 mHz to 100 kHz with an AC

amplitude of 10 mV. The results are shown in Fig. 8d. The Nyquist plot is composed of two
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parts: low-frequency straight line (W), which corresponds to the ion diffusion limitation, and
high-frequency semicircle, which relates to the charge-transfer resistance (Rct) [35]. Besides,
the intercept of the Rct semicircle along the Z~ axis at high frequency represents the bulk
resistance of the electrolyte solution (Rs). The diameter of the quasi-semicircle reveals the value
of Ret, which is less than 0.25 Q (insert of Fig. 8d). The shape of the semicircle confirms the
presence of heteroatoms, evidenced by XPS, which may have surface redox activity with
electrolyte ions [55,57]. The Retand Rs values are much lower compared to other literature
findings [55], evidencing low internal resistance, promising ionic conductivity, as well as fast
adsorption-desorption kinetics. The relatively steep slope of the line at low frequencies reveals
that the electric double layers are easy to establish.

Long cycle life plays a vital role in the electrochemical capacitor [58,59]. Fig. 8e presents the
cyclic stability of OLDHC at a current density of 10 A g, which maintains 96.7 % of its initial
capacitance after more than 20,000 cycles. The excellent capacity retention of the electrode can
be assigned to the appropriate microporous structure, simplifying ion diffusion pathways for

rapid electrolyte ions transportation and fast generation of the electric double layers [60].
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Table 2. Selected literature overview of performance of waste derived carbon as electrode for
EDLCs.

Electrode Current Electrolyte Specific Cycle Cycling  Reference
materials densities capacitance number  stability
(Agh) (Fg")
Tea waste derived 0.5 KOH 170 14,000 94.8% [55]
(co doping)
Tobacco Waste 0.5 KOH 148 9,000 100% [61]
Kraft Lignin 1 KOH ~190 10,000 ~92% [62]
Cigarette filter 1 KOH 153.8 6,000 Slight [57]
derived increase
Shrimp shells 0.5 KOH 175 1,000 94% [63]
Olive-leaves 0.5 KOH 169.7 21,000 96.7% This work
derived

4. Conclusions

In this work, we synthesized a cost-efficient hard carbon that was derived from olive leaf waste
for use as an active material for electrodes in LIBs, NIBs, and SCs. For LIBs applications, the
electrode exhibited a large reversible initial specific capacity of 331.02 mAh g* and stability
of 82% over 100 cycles. The electrochemical results for NIBs reveal that the electrode is
capable of delivering a high discharge capacity of 265.37 mAh g* during the second cycle and
cycling stability of about 71.7% after 100 cycles with coulombic efficiency of 99.7%. At the
same time, as a supercapacitor electrode, 96.7 % of the initial specific capacitance can be
retained after more than 20,000 cycles due to the suitable microporous structure. The good

electrochemical performances, coupled with the sustainable circular economy approach, make
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the reported olive leaves-derived hard carbon suitable and promising electrode material for

LIBs, NIBs, and SCs.
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