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Sodium-ion batteries (SIBs) offer several advantages over traditional lithium-ion batteries, including a more

uniform sodium distribution, lower-cost materials, and safer transportation options. A promising

development in SIBs is the use of hard carbons as anode materials due to their low insertion voltage and

larger interlayer spacing, which improve sodium-ion insertion. Traditionally, hard carbons are made from

costly carbon sources, but recent advancements have focussed on using abundant bio-waste, like coffee

grounds. This approach reduces costs and helps manage global waste. This research investigates the

electrochemical performance of bio-waste-derived hard carbons, which is significantly impacted by

various pre-treatment methods. Techniques such as BET, XRD, TEM, and XPS are employed to examine

the effects of pre-treatment variables, including washing solvents (organic, acidic, or distilled water), pre-

oxidation temperatures, and post-heating processes. These factors influence the structural properties

and purity of the hard carbon, impacting its effectiveness as an anode material in SIBs. A significant

finding is a mesoporous hard carbon produced from coffee grounds that, after washing with distilled

water, pre-oxidation at 150 °C, and thermal treatment at 1300 °C in argon, shows a 23% yield,

a reversible capacity of 304 mA h g−1, and Initial coulombic efficiency of 78%. This study underscores

the importance of pre-treatments in removing impurities and enhancing the material's sodium storage

capabilities.
1 Introduction

Recently, multinational energy companies like CATL Co. Ltd.,
Faradion UK Ltd. and Natron Energy have announced the
commercialisation of Sodium-Ion Batteries (SIBs) for large grid
stationary applications and Electric Vehicles (EVs), these new
developments are attributed to SIBs prospects as promising
materials for the development of sustainable and eco-friendly
Energy Storage Systems (ESS).1 SIBs have experienced tremen-
dous growth over the years owing to their intercalation chem-
istry, physio-electro-chemical characteristics and material
synthesis procedures being identical to those of Lithium-Ion
Batteries (LIBs), these characteristics allow the implementa-
tion of LIBs' battery techniques for the development of SIBs.2,3
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Moreover, the availability of sodium metal across the globe
provides an excellent price advantage and solves the problem of
a monopolised supply of Critical Raw Materials (CRM) that
signicantly inuences LIBs production cost due to the uneven
distribution and low relative abundance of about 20 ppm of
lithiummetal. LIBs Cathode Materials (CM) experienced drastic
price turbulence between 2020 and 2023 with an approximately
more than 150 percent rise in the cost of LIBs CMwhile SIBs CM
experienced less than 50 percent price turbulence compared
with LIBs.4–10

Furthermore, SIBs have exceptional safe storage and trans-
portation features, SIBs can be completely discharged to zero
voltage at their recorded zero percent State of Charge (SOC) for
a long period with no side reactions or effects on the cycling
capacity, this further enhances the transportation of SIBs over
a long distance unlike the counterpart LIBs. SIBs exhibit
excellent cycle life, which makes them withstand several cycles
without performance degradation and also makes them
a sustainable alternative option for Electronic Vehicles (EVs)
compared to LIBs with low cycle life as the Depth of Discharge
(DoD) performance of LIBs degrade aer approximately 500
cycles.
RSC Adv., 2025, 15, 1105–1114 | 1105
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Owing to sodium's large ionic radius of 1.02 Å, the
commonly used anode material (graphite) for LIBs cannot be
employed due to its low interlayer spacing (<3.4 Å) which
inhibits the sodium ion intercalation and reversibility,4,11 also
alloys and NASICON materials are not employed as anode
materials for SIBs owing to the existing limitations of signi-
cant volume change, high operating voltage and low reversible
capacity.9,10 Alternative low-cost material with larger interlayer
spacing for Na ion insertion with little to negligible volume
change is required to develop good cycling stability and high-
performance anode material for SIBs.12,13 Hard-carbon,
a carbon-rich amorphous material composed of random tur-
bostratic microstructure with an extended interlayer spacing of
over 3.7 Å has demonstrated excellent electrochemical perfor-
mance with good reversible and cycling capacity within the
range of 240–500 mA h g−1,14 due to its distinct disordered
structure that provides large interlayer spacing for the de/
intercalation of sodium ions without volume change, as
sodium intercalation which requires large sufficient interlayer
spacing majorly inuences the plateau-region capacity of the
total voltage-capacity.4,15–19

However, these hard-carbons are synthesised from the
thermal treatment of high-composition resin precursors, which
are quite expensive, this opposes one of the aims of exploring
SIBs, which is to develop low-cost eco-sufficient battery material
for large-scale energy storage.20,21 Biomass has been identied
as an excellent low-cost, abundant and eco-friendly precursor
for hard-carbon synthesis due to its high carbon content and
the presence of heteroatoms which aid electronic conduc-
tivity.22,23 Readily available biomass like banana peel, rice husk,
apple pomace, coconut sheath and other biological waste has
demonstrated excellent reversible capacity when explored as
anode material for SIBs.24–31 The utilization of this biowaste as
anode materials for SIBs not only aids the synthesis of high-
capacity anode materials but also provides an efficient waste
handling technique by transforming this heavily generated
waste to economically important materials.32

Across the globe over seven million tons of waste coffee
grounds (WCGs) are generated by beverage industries annually
due to the consumption of more than eight million tons of
coffee beans with WCGs yield of approximately ninety-one
percent, these WCGs have been identied as soil pollutants as
they require large oxygen volumes for complete decomposition
in the ground.33 WCGs have been identied as an excellent
carbon precursor owing to their cellulose and lignocellulose
macromolecules composed of aromatic carbons that can be
easily carbonized for the synthesis of SIBs negative electrode
material.34 Several researches have been carried out to explore
the potential of WCG-synthesized hard-carbon as anode mate-
rial for SIBs, WCGs-synthesized hard-carbon delivered excellent
electrochemical performance ranging from 200–500 mA h g−1

attributed to the unique morphology and porosity of the WCG-
synthesized hard-carbon which promotes sodium insertion.33–37

Hence utilization of WCGs for the synthesis of anode materials
for SIBs not only aids the development of sustainable battery
technology but also provides a sustainable solution for the
1106 | RSC Adv., 2025, 15, 1105–1114
complete disposal of this heavily generated environmental
pollutant known as WCGs.

Although, SIBs energy density is largely inuenced by several
factors which include the composition of the electrode mate-
rials, electrolyte, separators and operating temperature. The
deliverable capacity of biowaste-derived hard-carbon is greatly
inuenced by precursor composition and synthesis
processes.23,38 Biowaste thermal treatment temperature has
been identied as one of the main determinants in the
synthesis of optimized hard-carbon structure, texture and
morphology that enhances the electrochemical performance of
the synthesized anode material for SIBs.39 However, the pre-
treatment conditions such as sample preparation, pre-
pyrolysis, and pre-oxidation before thermal treatment at this
temperature directly inuence the material structure through
factors like the elemental oxygen, carbon and nitrogen
compositions, inorganic impurities composition, and Pore Size
Distribution (PSD) alongside the graphene and defect bands
available in the hard-carbon.32,40 In this study, we investigated
the effect of pre-treatment conditions such as just solvent
washing (control condition), pre-oxidation and pre-pyrolysis on
the electrochemical performance of coffee-waste-derived hard-
carbon as anode material for SIBs. The control sample syn-
thesised HC was labelled HC-1300 °C, the pre-oxidized sample
synthesised HC was labelled HC-150 °C and the pre-pyrolyzed
sample synthesised HC was labelled HC-600 °C.

2 Experimental section
2.1 Material synthesis from waste coffee grounds (WCGs)

The Waste Coffee Grounds (WCGs) were collected from the
Nazarbayev University Health Project Coffee House (Astana,
Kazakhstan) and dried in a natural convection laboratory oven
(Carbolite Gero) at 80 °C for 24 hours for optimal moisture
removal and effective yield calculation. These CGs were washed
with D.I. water using a laboratory shaker at 100 rpm for 12
hours, followed by vacuum ltration and drying at 80 °C for 48
hours. The dried CGs were stored in air-tight containers.

As illustrated in Fig. 1, the coffee-waste-derived hard carbons
were synthesised using three different synthesis routes which
involved three pre-treatment conditions.

Pre-oxidation treatment (HC-150-1300 °C). The dried CGs
were pre-oxidized in the air at 150 °C for 2 hours in a muffle
furnace to modify the CGs properties, then the oxidized CGs
were carbonized in an argon environment employing a high-
temperature tube furnace at a thermal treatment temperature
of 1300 °C for 2 hours using a ramping rate of 5 °C min−1 and
natural cooling system.

Control treatment (HC-1300 °C). Without any prior pre-
treatment, the dried CGs were carbonized in an argon envi-
ronment using a high-temperature tubular furnace operated at
a thermal treatment temperature of 1300 °C for 2 hours,
a ramping rate of 5 °C min−1 and natural cooling system.

Pre-pyrolysis treatment (HC-600-1300 °C). The dried CGs
were rst pyrolyzed in a tube furnace at an operating tempera-
ture of 600 °C in an argon environment for 2 hours, operated at
a ramping rate of 5 °C min−1 to modify the CGs properties and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Coffee-waste-derived hard-carbon synthesis routes involving different pre-treatment conditions: (1) pre-oxidation, (2) control, (3) pre-
pyrolysis.
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View Article Online
remove volatile organic matters. The charred CGs were washed
in D.I. water using a shaker as described above and dried
overnight, then the dried charred CGs were carbonized in an
argon environment employing a high-temperature tube furnace
at a thermal treatment temperature of 1300 °C for 2 hours using
a ramping rate of 5 °C min−1 and natural cooling system. The
as-synthesized HCs were then pulverized and stored in a dry
room using precisely labelled air-tight vials.
2.2 Characterization of the synthesized hard-carbons

The structural properties of the synthesized HCs were analyzed
employing electron microscopy techniques, where Scanning
Electron Microscopy (SEM) was carried out utilizing the ZEISS
Crossbeam 540 to analyze the topography, morphology and
surface structure of the as-synthesized HCs and High-
Resolution Transmission Electron Microscopy (HR-TEM) was
also carried out using JEOL JEM-1400 Plus operated at 120 kV to
determine the interparticle structure, orientation and interlayer
spacings of the as-synthesized HCs. Raman spectroscopy was
used to analyze the graphene and defect bands of the as-
synthesized HCs microstructure using the LabRAM Horiba
spectrometer with the (532 wavelengths) He–Ne excitation
source under ambient temperature and X-ray Diffraction (XRD)
analysis with the aid of a Rigaku MiniFlex Benchtop X-ray
Diffractometer equipped with Cu-Ka radiation (l = 1.5405 Å)
was used to evaluate the HCs' crystallinity, degree of graphiti-
zation and structural phase. The textural properties of the as-
synthesized HCs were analyzed utilizing the nitrogen adsorp-
tion and desorption analysis, which was carried out using the
Micromeritics 3Flex high-performance adsorption analyzer to
evaluate the surface area using the Brunauer–Emmett–Teller
(BET) theory and the Barrett–Joyner–Halenda (BJH) theory was
used to determine the pore volume and pore size distribution.
2.3 Electrochemical test of the synthesized anode materials

The negative electrodes of these HCs were obtained via slurries
prepared using an 80 : 10 : 10 mixing ratio of active materials
(synthesized HCs) : conductive material (carbon acetylene
© 2025 The Author(s). Published by the Royal Society of Chemistry
black) : polymeric binder (polyvinylidene uoride) all dissolved
in NMP (N-methyl-2-pyrrolidone) and coated on Cu current
collector and dried overnight at 60 °C in vacuum. The loading of
the active materials was approximately 1.5–2 mg cm−2. The
standard CR2032 coin cell was employed for the electro-
chemical analysis utilizing sodium chip, Whatman glass bre
and 1 M NaPF6 salt dissolved in EC : DMC : FEC (49 : 49 : 2) as
a counter electrode, separator and electrolyte respectively, all
these processes were carried out under argon environment in
the glove box. The galvanostatic long-term charge–discharge
and intermittent titration technique of the assembled coin cells
were carried out using a Neware Battery Testing System to
investigate the electrochemical performance at a potential
window between 0.01 and 2.50 V (vs. Na+/Na) at a current
density of 20 mA g−1. Also employing different current densities
of 20 mA g−1, 50 mA g−1, 100 mA g−1, and 200 mA g−1 the
inuence of high-capacity load supply on the stability and
deliverable capacity of the assembled coin cells was studied.
3 Results and discussion
3.1 Effects of pre-treatment conditions on the yield of the
synthesized hard-carbons

The washing solvent (D.I water) along with the bio-waste
composition remarkably inuenced the yield of the as-
synthesized HCs, similar to the reported values between 10
and 30% carbon yield for banana peel, apple peel, and rice
husk-derived hard carbon,24,28,29 the WCG-derived hard carbon
demonstrated an average yield between 21.5 and 24.5%, this is
attributed to the WCG composition with about 25% lignin.
Lignin composition along with the thermal treatment temper-
ature signicantly inuenced the carbon yield, where an
increase in lignin composition or the introduction of the lignin
isolation process will directly increase the carbon yield to ca.
50% while an increase in the thermal treatment temperature
signicantly inhibits the carbon yield.29,41 The pre-treatment
methods employed for each sample also play a notable role in
the yield of the HC, where the control sample (HC-1300 °C)
resulted in the highest yield of 24.5%. In comparison, the pre-
RSC Adv., 2025, 15, 1105–1114 | 1107
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oxidized sample (HC-150-1300 °C) demonstrated a 23% yield,
and the pre-pyrolyzed sample (HC-600-1300 °C) experienced the
lowest yield of 21.5%. The pre-treatment options and temper-
ature directly inuence the biomass composition especially that
of the high carbon yield content (lignin), which is the most
suitable precursor for HC.38 Pyrolysis on its own is one of the
efficient ways for fast lignin degradation and washing post-
pyrolysis removes more impurities, therefore this pre-
treatment option demonstrates the lowest HC yield due to
lignin degradation and other factors.42

Furthermore, modication of the chemical properties,
structure and lignin distribution in the pre-oxidized biomass
directly inuence the quantity of oxygen content formed during
the oxidative process; at low pre-oxidation temperature, low
oxygen and carbon functional groups are formed which in turn
inhibits the quantity of HC obtained from high-temperature
carbonization;43,44 High carbon yield is obtained when there
are high oxygen and carbon functional groups and vice versa.
This shows that pre-oxidation and pre-pyrolysis signicantly
inuence the HC yield owing to lignin re-distribution and
degradation during pre-oxidation and pre-pyrolysis respectively.
3.2 Synthesized hard-carbons characterization

3.2.1 Effects of pre-treatment conditions on the micro-
structure of the synthesized hard-carbons. The morphological
characteristics of the synthesized HCs were systematically
analysed using SEM. As depicted in Fig. 2a–c, the images
conrm that the synthesized HCs comprise bulk particles.
Higher magnication images further elucidate the pronounced
Fig. 2 (a–c) SEM and (d–i) TEM images showing the effect of different

1108 | RSC Adv., 2025, 15, 1105–1114
inuence of pre-treatment conditions on the microstructural
features of the HCs. Specically, the pre-oxidized sample (HC-
150-1300 °C) exhibits a signicantly larger pore size compared
to both the control sample (HC-1300 °C) and the pre-pyrolyzed
sample (HC-600-1300 °C), underscoring the critical role of pre-
treatment in modulating the pore structure and overall
morphology of thematerials. Regardless, all the samples exhibit
similar nanoporous morphologies conforming to that of
carbonized coffee waste.45,46 Despite the changes in the pre-
treatment conditions, all the synthesized HCs retained an
excellent morphology for electrolyte and Na+ diffusion owing to
their randomly but closely stacked carbon structures which
favoured formation of large surface area and coordinated
pathways for ion diffusion across the electrodes.47,48

TEM analysis was employed to further characterize the
synthesized HCs microstructure, TEM images of the synthe-
sized HCs show the typical hard carbon turbostratic structure
with the graphite-like carbon domain revealing the degree of
their amorphization.23,29,44 As shown in Fig. 2d–f, the pre-
treatment condition also plays a major role in the degree of
the synthesized HCs disorderliness, stacking and range of the
carbon structures where the TEM analysis conrms the pres-
ence of long-range disordered carbon structure in HC-150-
1300 °C and HC-1300 °C. Although, all the synthesized HCs
possessed sufficient interlayer distance (d002 > 0.35 nm) for Na+

into the hard carbon structure, the pre-oxidized sample (HC-
150-1300 °C) possessed the highest average interlayer spacing
of 0.383 nm while the pre-pyrolyzed sample possessed the
interlayer spacing of 0.380 nm with the control sample having
pre-treatment conditions on the morphology of the synthesized HCs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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an interlayer spacing of 0.378 nm. Furthermore, as seen in
Fig. 2d–f, increase in interlayer spacing provides more spaces
between carbon layers, which favours the movement and re-
ordering of adjacent carbon atoms, which in turn enhance the
degree of graphitization by favouring the formation of graphitic
structure. Thus, pre-oxidation in air hinders the degree of
graphitization due to the formation of exible long-ranged
microstructure with large interlayer distance leading to the
formation of more pores and reduction of defects.4,23 Increase in
the interlayer spacings are also attributable to the crystallite size
and stacking orientation, which is observed in HC-600-1300 °C
with low range crystallite size and stacking orientation, thereby
increasing microstructure interlayer distance.32,40

Raman spectroscopy was employed to further analyse effects
of different pre-treatment conditions on the microstructure and
degree of orderliness of the synthesized HCs. The Raman
Spectrum of all the synthesized HCs as shown in Fig. 3a
conrmed the formation of hardcarbon structures, which were
conrmed by the distinct and broad peaks around 1350 cm−1

and 1560 cm−1 assigned to the D-band and G-band of the
carbon structure respectively.41,49 Although, similar Raman
spectra are observed for all the synthesized HCs, the intensity
ratio (ID/IG) of the defect induced and pseudographite bands
varied across different pre-treatment conditions which directly
inuence carbon crystallite length (La). As seen in Fig. 3b the
intensity ratios notably increase from a value of 0.79 to 0.92 and
highest value of 0.94 for HC-150-1300 °C, HC-1300 °C and HC-
Fig. 3 (a and b) Raman spectrum data; (c and d) XRD data and d002 spa

© 2025 The Author(s). Published by the Royal Society of Chemistry
600-1300 °C respectively. While the intensity ratios increase, the
crystallite length signicantly reduce with the pre-oxidized (HC-
150-1300 °C) sample showing the highest crystallite length of
24.49 nm followed by control sample (HC-1300 °C) with La of
20.70 nm and pre-pyrolysed (HC-600-1300 °C) sample with the
lowest value of 20.5 nm. All the synthesized HCs possessed low
intensity ratio, with ID/IG value less than unity which suggest
high degree of orderliness and graphitization (ID/IG > 1 indi-
cates high intensity ratio which suggests high degree of defects
and disorderliness) this further conrms the degree of the HCs'
low defectiveness and their suitability as negative electrode
materials due to their high degree of orderliness and porosity,50

HC-150-1300 °C shows higher variation in ID/IG and La, whereas
close ID/IG and La values are observed in HC-1300 °C & HC-600-
1300 °C, these show that high thermal treatment at a tempera-
ture of 1300 °C directly inuence the low intensity ratio of
approximately 0.92 while pre-oxidation in air at 150 °C further
decreases the intensity ratio to about 0.79 owing to the
increased graphitization of the HC-150-1300 °C while pre-
pyrolysis at 600 °C slightly increase the low ID/IG value to
about 0.94, this is due to the increased interlayer distance
leading to formation turbostratic carbon.29,40

In addition, XRD analysis was carried out to further inves-
tigate the effect of these pre-treatment conditions on the
microstructure of the synthesized HCs. As shown in Fig. 3c, the
XRD diffractograms of the synthesized HCs revealed the typical
disordered carbon peaks around 23° and 44° conrming the
cing and stacking thickness.

RSC Adv., 2025, 15, 1105–1114 | 1109
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Fig. 4 (a) Nitrogen adsorption isotherms, (b) BET isotherms and (c) BJH pore distribution of the synthesized HCs.
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002 and 100 planes of the graphene sheets respectively.
Comparing the broad 002 peaks of the synthesized HCs, tted
002 peaks of HC-1300 °C & HC-600-1300 °C occurred at higher
angle of 23.47° & 23.38° compared to HC-150-1300 °C at a tted
angle of 23.15° which produces an interlayer distance (d002) of
0.384 nm, 0.379 nm and 0.380 nm as illustrated in Fig. 3d for
HC-150-1300 °C, HC-1300 °C & HC-600-1300 °C respectively.
Thus demonstrating adequate interlayer spacing for sodium ion
insertion as drawn from the Raman & TEM analysis.51 Utilizing
the Scherrer equation and ratio of crystallite size to interlayer
Fig. 5 (a–c) 1st and 2nd galvanostatic charge–discharge curves and (d)
conditions.

1110 | RSC Adv., 2025, 15, 1105–1114
distance, the synthesized HCs'crystallite sizes (Lc) and carbon
sheet stacking order (N) are calculated from the estimated full
width half maximum value of the tted 002 peaks. As depicted
in Fig. 3d, Lc and N increased across the samples with HC-1300 °
C (control sample) demonstrating highest Lc & N of 2.2 nm and
5.7 respectively. Despite the varying interlayer distance and
stacking orientation, all the synthesized HCs demonstrated low
graphitization degree with a d002 spacing above 0.335 nm re-
ported for graphite.23,40,50
capacity profile of the synthesized HCs from different pre-treatment

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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08029g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
2/

8/
20

25
 9

:3
2:

55
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Finally, nitrogen adsorption–desorption characterization
revealed the effects of each pre-treatment condition on the
textural property, interaction type, available surface for reaction
and porosity of the synthesized HCs. As shown in Fig. 4a, all the
synthesized HCs exhibit similar isotherm curves where low gas
adsorption occurs at extremely low relative pressure and grad-
ually increases to high adsorption at high relative pressure until
it reaches it saturation point, this curve is quite identical to type
II isotherm thus revealing the presence of micropores and
mesopores owing to adsorption of nitrogen gas at low and high
relative pressures respectively.52 As illustrated in Fig. 4b, the
surface area of the synthesized HCs slightly varied across the
samples, despite different treatment temperature, these pre-
treatment conditions also inuence the surface area to certain
extent, where the control sample (HC-1300 °C) exhibited high-
est surface area of 17.59 m2 g−1 followed by the pre-oxidized
sample (HC-150-1300 °C) with slightly lower surface area of
17.34 m2 g−1 and lastly the pre-pyrolyzed sample (HC-600-1300 °
C) with the lowest surface area of 14.38 m2 g−1, thus conrming
that pre-oxidation and pre-pyrolysis just like thermal treatment
temperature also inuence the BET surface area. The PSD as
shown in Fig. 4c shows the porosity distribution while delving
into the pore volume of these pore sizes, HC-150-1300 °C
exhibited basically micro and mesopores majorly distributed
within 1.5 nm to 35.1 nm, where over 17% of the PSD are
micropores as suggested by the isotherm which reinstate the
effect of pre-treatments on the PSD of the synthesized HCs.
Fig. 6 (a) Cycling performance of synthesized HCs; (b) cycling at 20 mA

© 2025 The Author(s). Published by the Royal Society of Chemistry
These pre-treatment conditions shrink the pore volume result-
ing in declining surface area for the pore sizes.53
3.3 Electrochemical performance of the synthesized hard-
carbons

Employing the galvanostatic charge–discharge test, the elec-
trochemical performance of the synthesized HCs as negative
electrode material in half-cells sodium-ion batteries was inves-
tigated at a current density of 20 mA g−1 as shown in Fig. 5. An
irreversible discharge capacity of 372, 339 and 299 mA h g−1

with ICE of 78, 74, and 75% was obtained from HC-150-1300 °C,
HC-1300 °C and HC-600-1300 °C respectively, as the electro-
chemical test progresses, the 2nd cycle gave rise to a reversible
capacity of 304, 261 and 250 mA h g−1 for the pre-oxidized,
control and pre-pyrolysis HCs as depicted in Fig. 5a–c respec-
tively. As illustrated in Fig. 5d, the control sample (HC-1300 °C)
experienced the highest irreversible capacity loss of 78 mA h g−1

accompanied by the pre-oxidized sample (HC-150-1300 °C) with
irreversible loss of 67 mA h g−1 and pre-pyrolyzed sample (HC-
600-1300 °C) demonstrated the lowest irreversible capacity loss
of about 49 mA h g−1, these losses are due to inability to recover
all sodium ion stored in the electrode material owing the
development of solid electrolyte interface (SEI) due to side
reactions and sodium ion trapping owing to the presence of
defect sites and degree of modied functional groups of the
precursor.
g−1; (c) C-rate performance of HC-150 °C and (d) cycling at 50 mA g−1.
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Identical to the trend of the specic surface area as discussed
earlier, since irreversible capacity are majorly inuenced by
surface adsorption by pores with surface area greater than 10
m2 g−1, it is worthy to note that pre-pyrolysis signicantly
reduce the irreversible capacity loss owing to it reduced surface
area due to pore shrinkage.35,40 Pre-oxidation and pre-pyrolysis
collapsed the defect sites through pore shrinking and inhibi-
ted irreversible capacity loss but in contrast promote capacity
gain at the slope region as seen in Fig. 5d. HC-150-1300 °C &
600–1300 °C exhibit more capacity gain through sodiation
process as a result of the large volume of micropores present in
these samples.

HC-150-1300 °C demonstrated an excellent cycling stability
and capacity retention 5 cycles amongst the synthesized HCs, as
depicted in Fig. 6a, HC-600-1300 °C and 1300 °C experienced
drastic capacity variation as the cycling progresses which led to
the termination of these coin cells cycling at the end of the 15th
cycle while HC-150-1300 °C cycling progresses till the 30th cycle
with a capacity retention of over 95% and capacity of
291mA h g−1. HC-150-1300 °C capacity degrades aer 30th cycle
as a result of the major bottlenecks in the application of hard
carbons as anode material for SIBs which is the long-term cyclic
stability. This is quite difficult to achieve when utilizing sodium
chips as reference electrode owing to the development of SEI
which inuences the material volume and promotes ageing of
the material and capacity degradation.40 C-rate analysis was
carried out on HC-150-1300 °C to investigate the effect of
current density/load on the stability and capacity degradation
the electrode material. As illustrated in Fig. 6c, the cycling
stability under different current densities between 20 mA g−1 to
200 mA g−1 was investigated. The pre-oxidized electrode deliv-
ered a reversible specic capacity of 279, 256, 217, 169 &
273 mA h g−1 with capacity retentions of 98, 97, 96, 95 & 95% at
current densities of 20, 50, 100, 200 and 20 mA g−1 respectively.
The capability of the coin cell to retain close to its initial
capacity of 278 mA g−1 aer cycling under different current rate
as illustrated in Fig. 6c, shows the excellent cycling performance
and suitability of the synthesized material as negative electrode
material for SIBs. When it comes to cycling at higher current
density of 50 mA g−1, the cell exhibited excellent performance
retaining its 95% of capacity over 150 cycles, as depicted in
Fig. 6d.

These electrochemical performances show that the pre-
treatment conditions majorly inuence the capacity gain
through the microstructure. Where the pre-oxidized sample
demonstrated remarkable cycling performance compared to
other samples. The pre-oxidation in air at 150 °C not only tune
the hard carbon structure but also favors amorphization which
enhances sodium ion intercalation into the graphene planes
causing improvement in the capacity gain at the plateau region
which is responsible for over 58% of its exceptional specic
capacity of ca. 304 mA h g−1 but also reduces rate of capacity
degradation owing to the formation of SEI by controlling the
side reaction which in turn inhibits volume variation and
material degradation.
1112 | RSC Adv., 2025, 15, 1105–1114
4 Conclusions

Conclusively, this research focused on the effects of pre-
oxidation in the air at a temperature of 150 °C and pre-
pyrolysis at 600 °C on the microstructure, porosity and elec-
trochemical performance of the anode materials synthesized at
a thermal treatment temperature of 1300 °C from coffee-waste
for sodium-ion batteries. These pre-treatment conditions
signicantly tuned the hard carbonmicrostructure and porosity
to various extents. These pre-treatment temperatures were
selected aer carrying out trial experiments, where the synthe-
sized HCs from pre-oxidation treatment showed maximum
yield, reversible capacity and cycling stability at a pre-oxidation
temperature of 150 °C. Compared to others obtained at 200 °C,
250 °C and 300 °C.

Pre-pyrolysis was carried out at 600 °C to obtain the optimal
removal of volatile organic elements, as this temperature is
identied as the highest pyrolysis temperature for charring
coffee waste in controlled environment. Past research as cited
earlier, highlighted the effectiveness of moderate thermal
treatment temperature of 1300 °C which produces quality hard-
carbon with stable cycling performance as electrode material
for SIBs, Hence the selection of 1300 °C as the carbonization
temperature.

Although the synthesized materials demonstrated quite
similar honeycomb structure for efficient electrolyte transport
and ion diffusion, the porosity varies with the pre-treatment
type.

Pre-pyrolysis played huge role in increasing the surface area
and porosity, but the synthesized electrode experienced a short
fall with the pre-oxidation in air at 150 °C demonstrated
a remarkable specic capacity of 304 mA h g−1 with an ICE of
78% and capacity retention of over 95% aer 30 cycles at
a current load of 20 mA g−1. Where pre-oxidation in air played
a signicant role in promoting amorphization which enhances
interlayer spacing, thereby promoting plateau capacity
(responsible for a signicant portion of the reversible capacity)
and inhibiting irreversible capacity loss through a reduced
surface area while providing defect sites and pore shrinkage for
sodiation reaction. Improving the pre-oxidation temperature
and time could provide room for electrochemical improve-
ments and facilitate the development of reliable and high-
capacity electrodes for SIBs from coffee grounds.
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