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In this study, we introduce a straightforward and effective approach to produce P-doped hard carbon using coffee
grounds as the precursor, with H3POy4 serving as the doping agent. By varying the concentrations of HgPO4 (1 M,
2 M, and 3 M), we aimed to determine the optimal doping level for maximizing the incorporation of phosphorus
ions into the carbon framework. Our investigation revealed that using 2 M of H3PO4 as the dopant material for

hard carbon led to promising electrochemical performance when employed as an anode material for sodium-ion
batteries. The P-doped hard carbon, carbonized at 1300 °C, exhibited an impressive reversible capacity of 341
mAh g! at a current density of 20 mA g™, with an initial Coulombic efficiency (ICE) of 83 %. This outstanding
electrochemical performance of P-doped hard carbon can be attributed to its unique properties, including a
porous agglomerated structure, a significant interlayer spacing, and the formation of C-P bonds.

1. Introduction

The demand for lithium-ion batteries (LIBs) is increasing due to
global environmental issues and rising oil prices. The high energy den-
sity per weight and volume of LIBs allows their use as power sources not
only in portable, but also in stationary grid-scale applications [1-3].
Notwithstanding, uneven distribution and scarcity of lithium resources
render us to explore a viable alternative such as sodium-ion batteries
(SIBs). Ionic radius (0.072 nm for Li* and 0.102 nm for Na™) and elec-
trode potential (3.04 V vs. standard hydrogen electrode (SHE) for Li*/Li
and 2.71 V vs. SHE for Na'/Na) are two intrinsic parameters, allowing
to distinguish LIBs and SIBs [4]. The electrochemical properties of both
storage systems, LIBs and SIBs, directly correlate with cell components
(anode, cathode, electrolyte, and separator) [5].

The anode materials for SIBS include chalcogen [6], organic [7],
titanium-based compounds [8], and metal-based alloys [9], carbona-
ceous materials [10] that are widely investigated because they are eco-
friendly and chemically stable. Hard carbon (HC) [11] is a promising
candidate for carbonaceous materials for SIBs with the following ad-
vantages: low cost, low operating voltage (~0 V vs. Na*/Na), and high
capacity (~300 mAh g™ 1). However, there are some drawbacks such as
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low initial coulombic efficiency (ICE) and poor rate performance. HC
has a similar ion transfer and storage mechanism to graphite and carbon
materials (carbon nanotubes, nanofibers, graphene, etc.) [12]. In
contrast to graphite, HC has a more complicated structure, comprising
graphene layers with about 0.37 nm interlayer spacing, amorphous re-
gions, and micropores.

One significant parameter that affects the electrochemical perfor-
mance is the carbonization temperature [13]. Different precursor ma-
terials for hard carbon (synthetic polymers [14], raw biomass [15], and
biopolymers [16]) have specific carbonization temperatures for a well-
ordered graphene layer formation. HCs prepared at high temperatures
(>1200 °C), deliver higher capacity on the plateau than HCs produced at
low temperatures (<1000 °C) [17-23]. Generally, high carbonization
temperatures lead to lower specific surface areas of the resulting HCs
materials, thus decreasing the electrolyte decomposition and the for-
mation of the solid electrolyte interphase (SEI) [24]. The use of raw
biomass materials such as corn cob (298 mAh g’1 at 0.1C) [25], typha
(204.8 mAh g~ ! at 100 mA g~1) [26], lotus stem (350 mAh g~ at 100
mA g~1) [27], orange peel (156 mAh g~ at 500 mA g~!) [28], and
starch (239 mAh g~ at 0.1C) [29] is a promising way for HC synthesis
because of the reduced cost due to abundance in nature and eco-
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Fig. 1. (a) Physical and chemical characterization of the coffee ground; (b) reaction between cellulose and phosphoric acid; (c) reaction between lignin and

phosphoric acid.

friendliness. In this work, we have chosen coffee waste as the precursor
for HC synthesis. First reasoning is that annually nearly ~18 million
metric tonnes of wet coffee grounds are disposed in landfills, releasing
methane gas that affects global warming [30]. The second reasoning is
the lignocellulosic structure of the coffee ground waste with high lignin
and low inorganic compounds content that form the disordered carbo-
naceous structure upon carbonization. Generally, ground coffee waste
consists of cellulose (59.2-62.94 wt%), hemicellulose (5 -10 wt%),
lignin (18.8-26.5 wt%), and inorganic micronutrients (<5 wt%)
[31,32]. In particular, the content of cellulose is the highest in com-
parison with available biowaste materials [33-37]. Improvement of Na™
diffusivity can be elaborated by heteroatom-dopings (B [36], N [38], O
[39], S [19], and P [40]), leading to the dilation of interlayer spacing,
porosity enhancement, and defect formation [41]. P - doping is partic-
ularly interesting, because C-P bond in HC matrix improves Na™ diffu-
sivity due to its electro-conducting nature. Wang et al. [42] explained
the enhancement of the catalytic activity of P-doped HC due to the
dilation of interlayer spacing because of the introduction of large P ions.

Considering above-mentioned facts, we have carbonized the coffee
bean waste at 1300 °C through in situ P doping. The P-doped HC delivers
a high reversible capacity of 341 mAh g~! at 20 mA g}, with Initial
Coulombic efficiency (ICE) of ~ 83 %. And the resulting capacity
retention is 80 % (from 1st discharge capacity) for 50 cycles. This
excellent electrochemical performance of P-doped HC can be attributed
to the effect of P doping that endorses formation of the large interlayer
spacing and the conductive network supported by the C-P bond. We
herein report on the detailed synthetic process and the related properties
of P-doped HC derived from coffee bean wastes.

2. Experimental
2.1. Material synthesis

Hard carbon (HC) was synthesized by a carbonization process using
coffee bean waste as a precursor material. Before carbonization, the
coffee bean waste was first dried in oven to remove water. Then, the
dried coffee bean powder (15 g) was stirred (300 rpm) in diluted hy-
drochloric acid (0.5 M, 150 ml) solution for 12 h to remove unnecessary
water-soluble impurities. After filtering, washing with deionized water
until pH 7, and drying at 80 °C for overnight, the obtained brownish

powder was slowly stirred (100 rpm) with H3PO4 solution for 2 h The
solution was filtered and dried at 80 °C for 48 h. Then, the obtained
powder was carbonized at 1300 °C in a N3 atmosphere for 4 h.

2.2. Material characterization.

The morphology of powders were characterized using a scanning
electron microscope (SEM, CROSSBEAM 540, CARL ZEISS) and trans-
mission electron microscope (TEM, JEM-1400 PLUS, JEOL). The crystal
structure of powders was analyzed by X-ray diffraction (XRD, Rigaku).
Raman spectroscopy (LABRAM HR EVOLUTION & OMEGA SCOPE,
HORIBA & AIST-NT) was used to examine the degree of carbonization.
The surface area was examined by Brunauer-Emmett-Teller (BET,
QUANTACHROME INSTRUMENTS). X-ray photoelectron spectroscope
(XPS, NEXSA, THERMO SCIENTIFIC) was used to understand chemical
state of the produced powders.

2.3. Electrochemical characterization.

The electrode was fabricated by blending the active material, acet-
ylene black, and polyvinylidene fluoride with a weight ratio of 8:1:1 in
N-methyl-2-pyrrolidone. The prepared slurry was spread on Cu foil and
dried in a vacuum oven at 110 °C for 12 h. The dried electrode was
punched out of disc (f: 14 mm, ~4 mg cm~2). The electrode was paried
with a sodium metal disc, separated by a glass filter, in presence of 1 M
NaPFg in ethylene carbonate (EC) — dimethyl carbonate (DMC) - fluo-
roethylene carbonate (volume ratio of 49:49:2). The fabricated R2032
coin cells were evaluated by Arbin battery tester in the voltage range of
0.01-2.5 Vat 20 mA g 1.

3. Results and discussion
3.1. Structural, Chemical, and morphological characterization

Cellulose, hemicellulose, and lignin with an element of C, H, O, and
N decompose in the temperature of 315-400 °C [43], 200-400 °C [44],
and 200-400 °C [45], respectively. Regarding the physical character-
ization of coffee bean grounds, lignin and inorganic micronutrients are
located on the outer cell of the biomass. Cellulose is arranged on the
inner side, and hemicellulose is randomly oriented between cellulose
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Table 1
Elemental analysis results.
Elements  Hard carbon Phosphorus-doped hard carbon
HCG- HCG-1300 HCG-1300-  HCG-1300-  HCG-1300-
1300 After acid 1C 2C 3C
Bare washing (H3POy4) = (H3POy) = (H3POy) =
1M 2M 3M
¢! 91.4 100 98.5 98.3 99.1
s' 2.6 0 0 0 0
(o 1.6 0 0 0 0
K® 1.6 0 0 0 0
ca’ 1.2 0 0 0 0
mg® 1 0 0 0 0
p? 0.6 0 1.5 1.7 0.9
si? 0 0 0 0 0
! CHNS and XPS.
2 XPS.
3 ICP-MS.

and lignin (Fig. 1a) [46], for which hydrogen bonds connect cellulose,
hemicellulose, and lignin.

Washing process can successfully remove the residual impurities
such as S, K, Ca, Mg, and P in coffee beans. Washing the coffee bean with
0.5 M of HCI solution results in the formation of water-soluble salts,
which can be readily removed during the filtration process. Thus, the
filtered coffee bean has been heated at 1300 °C with H3PO, at different
concentrations of; namely, 1 M, 2 M, and 3 M H3PO4 denoted as HCG-
1300-1, HCG-1300-2, and HCG-1300-3, respectively. The obtained HC
powders were chemically analyzed in Table 1. As anticipated, the acidic-
treatment clearly removed the residual ingredients. And the H3POg4-
treatment was available to leave P element in the synthesized HC
powders. We schematize the condensation process with P in Fig. 1b.
Since the outer shell lignin is the only constituent in the coffee ground
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that has a C = C double bond in the synapyl alcohol unit, it can be
transformed into a C-P bond after the thermal decomposition of the
product, which is obtained from the condensation reaction with phos-
phoric acid (Fig. 1c).

Increase of phosphorus content in the HC results from increased
phosphoric acid concentration; namely, 1.5 and 1.7 wt%, for HCG-1300-
1 and HCG-1300-2, respectively, according to the result of CHNS anal-
ysis (Table 1). However, the value became lower for the sample treated
with 3 M H3POy4 (P: 0.9 wt%) owing to the destruction of the outer shell
in the final product.

As shown in Fig. 2a, all XRD patterns for powders show two broad
peaks at around 24° and 43°, corresponding to the (002) and (100)
crystallographic planes, respectively. (002) intense peak indicates the
carbon interlayer-stacking structure, whereas (100) peak determines
the mirroring of the hexagonal carbon structure. Fitting the (002)
diffraction peaks of the HCG-1300, HCG-1300-1, HCG-1300-2, and
HCG-1300-3, the dgg2 was calculated with the following values of 0.367,
0.371, 0.375, 0.368 nm at the 24.19, 23.98°, 23.7°, and 24.14°,
respectively, based on Bragg’'s equation. The interlayer distance be-
tween graphene layers is corroborated with TEM analysis, in which the
average dgoz for HCG-1300-1, HCG-1300-2, and HCG-1300-3 was
measured with the following values of 0.362, 0.396, 0.402, 0.375 nm,
respectively. Notably, the value of dgo2 of the P-doped coffee ground-
derived hard carbon exceeds the dgp2 of graphite (0.335 nm), meaning
the free movement of sodium ions between graphene layers. The
absence of additional peaks in the XRD pattern proves the purity of the
samples. When the concentration of the dopant material was increased
from 1 M to 2 M, the broad peak shifted to a lower angle, indicating the
expansion of the distance between graphene sheets. The sequential in-
crease of dopant concentration led to the reverse effect.

In Fig. 2b, the Raman spectrum of the samples shows two intense and
sharp peaks of the D and G bands. The D-band is named “the defect-
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G
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Fig. 2. (a) XRD patterns and (b) Raman spectra of the hard carbons.
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Table 2

Calculated crystallographic parameters by XRD and Raman data.
Sample XRD Raman

200)  doozm)  blg' L' b+l

HCG-1300 24.19 0.367 1.15 0.869 0.507
HCG-1300-1 23.98 0.371 1.078 0.927 0.518
HCG-1300-2 23.7 0.375 1.05 0.952 0.512
HCG-1300-3 24.14 0.368 1.135 0.881 0.531

induced band”, which indicates the presence of vacancies, whereas the
G-band is named “the crystalline graphite”, which corresponds to the
graphitic vibrations. The ratio between the D and G bands (Ip/Ig) is the

Carbon Resources Conversion 7 (2024) 100225

ratio between the degree of defects and graphitization. As mentioned
before, Ip/(Ip + Ig) intensity ratio indicates the slope capacity, while I/
Ip plateau capacity. One may suggest that three regions of the storage
mechanism (adsorption, intercalation, and pore-filling) can be consid-
ered by the Ip/Ig, dgog, and Ig/Ip, respectively (Table 2).

As Ip/Ig indicates the insertion of Na ions into defects, it is logical to
point out that a high degree of defects facilitates the easiest adsorption
process. At the same time, the increase of graphitization degree pro-
motes the free intercalation of Na ions into nanopores. The expanded
doo2 allows to enhance the intercalation process between graphene
sheets. Defect formation in the structure of hard carbon materials results
from phosphorus compound evaporation from the sample’s surface

a|HCG-1300 C1s b HCG-1300 C|HCG-1300-1 P-C
0]
O1s
1 1 1 1 1 1 1 1 1
HCG-1300-1 HCG-1300-1
| | | |
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Fig. 3. The XPS spectra of the hard carbons. (a) Full survey XPS, (b) C 1s, and (c) P 2p peaks.
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Fig. 4. SEM images of powders: (a) HCG-1300, (b) HCG-1300-1, (c) HCG-1300-2, and (d) HCG-1300-3; TEM images, corresponding FFT images, and distributions of
the interlayer spacing of powders: (e) HCG-1300, (f) HCG-1300-1, (g) HCG-1300-2, and (h) HCG-1300-3, respectively.
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Fig. 5. BET isotherm plot for nitrogen adsorption capacity of the HCG-1300-2.

during the carbonization process. Logically, the defect degree should
increase with phosphoric acid concentration. However, the cellulose,
the main constituent linked with hemicellulose and lignin by hydrogen
bonding, dissolves slowly at high concentrations of H3POj4, thus forming
a viscous layer that restricts the incorporation of acid into the structure.
1 M of H3PO4 destructs the outer shell of the biomass material, forming
minor defects. 2 M of H3PO4 and 3 M of H3PO4 dissolve the exterior dry
cellulose powder and form defects on the surface of hard carbon (HCG-
1300-3).

XPS analysis was performed to validate the above assumption on the
formation of bond and chemical state of the products (Fig. 3). C-C and C
= C are the main characteristic bonds for the hard carbon. With an in-
crease in dopant concentration, the atomic ratio for C-C (64.25, 57.04,
60.94 %) and for C=C (25.58, 25.63, and 28.39 %) was obtained. C-O
and C-P are the responsible bonds for the enhancement of the electro-
chemical performance of hard carbons. With an increase in dopant
concentration, the atomic ratio for C-O (8.84, 12.21, and 8.85 %) and
for C-P (1.33, 5.12, and 1.83 %) was obtained. It is possible to conclude

3.0 3.0
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that HCG-1300-2 will have the highest specific capacity among all
observed samples.

The scanning electron microscopy (SEM) images of Fig. 4a-d show
that the coffee ground-derived hard carbon consists of agglomerated
particles with a structural deepening. During the thermal calcination in
an inert atmosphere, such gases as HyO, CO, and CO; are released
through the coffee ground particles, and the pressure induced by the gas
evolution might have led to the crumbling structure. Undoubtedly, this
kind of morphology has an advantageous impact on electrolyte incor-
poration into the structure, enhancing the Na ions transport through the
coffee ground carbon electrode.

HCG-1300-1 and HCG-1300-2 have major indentations compared to
HCG-1300 due to the evaporation of phosphorus compounds from the
surface of hard carbon. Whereas HCG-1300-3 has hollow pores,
evidencing the destruction of the lignin outer shell. Hence, SEM analysis
can be corroborated with XPS data in Table 2, showing the decrease of
the C-P’s atomic %.

Fig. 4e-h shows a TEM micrograph of the HCGs. Similarly, results
obtained by TEM pointed to 3-dimensional random micron-scale parti-
cle sizes and shapes. In addition, some agglomeration of carbon particles
was observed. FFT images show a visual representation of graphene
layers, the average distances of which were calculated by Gatan Mi-
croscopy Suit Software. The average values of dggz for HCG-1300, HCG-
1300-1, HCG-1300-2, and HCG-1300-3 are 0.362, 0.396, 0.402, and
0.375 nm, respectively. These values can be compared with dggz
calculated based on XRD data. Graphene layers within hard carbon can
be altered in distance, influenced by factors such as carbonization
temperature or the presence of doping materials. When this distance
increases, diffusibility of sodium ions increases. Consequently, a greater
distance corresponds to a higher capacity. However, the distances be-
tween graphene sheets are different, depending on which domain is
considered. The reduction of the contact between anode and electrolyte
could result from the negligible surface area for all samples (<10 m?
g~ 1) measured by Ny, adsorption-desorption (Fig. 5).

3.2. Electrochemical performances

The performance of the coffee ground-derived hard carbon was
investigated as anode material in half-cell SIBs. Galvanostatic
discharge/charge curves of the coffee ground-derived hard carbon are
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shown in Fig. 6a, where the profiles are presented for two cycles at 20
mA g~! (0.07C). The first discharge gives rise to an irreversible capacity
of 384, 366, 413, and 340 mAh g71 for HCG-1300, HCG-1300-1, HCG-
1300-2, and HCG-1300-3, with the ICE of 72, 83, 83, and 76 %,
respectively. In the undoped hard carbon scenario, during the initial
charging and discharging cycles, undesirable side reactions with the
electrolyte occur, leading to the formation of an unstable solid electro-
lyte interface (SEI) on the surface and uncompensated Na™ storage by
functional groups of the coffee ground-derived hard carbon. This results
in an increased irreversible capacity loss, causing higher polarization
and reduced initial coulombic efficiency. Conversely, when hard carbon
is doped with phosphoric acid, the surface properties undergo modifi-
cation, resulting in the formation of a more stable and protective SEI on
the electrode surface. This modification reduces side reactions, mini-
mizing irreversible capacity loss and improving overall efficiency during
the initial cycles, consequently achieving a higher initial coulombic ef-
ficiency. It is likely to note that irreversible capacity mainly came from
the adsorbed Na ion. Among tested samples HCG-1300-2 showed the
highest ICE due to the negligible surface area (10 m? g~1).

After the first cycle, the discharge capacity of HCG tends to saturate
to 284, 315, 342, and 305 mAh g~! in HCG-1300, HCG-1300-1, HCG-
1300-2, and HCG-1300-3, with the capacity retention for these sam-
ples, is 74, 86, 83, and 89 %, respectively.

The rate performance of the hard carbons is shown in Fig. 6b. The
cell was discharged and charged at various current densities for five
cycles. HCG-1300 delivered a specific capacity of 292, 259, 187, 76, 46,
23 and 290 mA g’1 at 0.05, 0.1, 0.2, 0.5, 1, and 2C, respectively. When
the current density decreased back to 0.05C, the specific capacity
recovered to 290 mA g~ !, which shows the stable cycling performance.
Fig. 6b shows the rate performance of 1 M phosphorus-doped hard
carbon (HCG-1300-1). When the current density increased to 0.5C, the
electrode delivered only about 77 mA g~!, while that of 2 M and 3 M P-

doped HCGs delivered 117 and 109 mA g™}, respectively.

Fig. 6¢ displays the cyclic performance of HCG-1300, HCG-1300-1,
HCG-1300-2, and HCG-1300-3 at a current density of 20 mA g~!
(0.07C). After 50 cycles, coffee ground-derived hard carbon (HCG-1300)
retains a reversible capacity of 273 mAh g™, corresponding to a ca-
pacity retention of 70 % due to the less active reaction sites. While, P-
doped coffee ground-derived hard carbons (HCG-1300-1, HCG-1300-2,
HCG-1300-3) exhibit much higher capacity, i.e., about 302, 338, and
264 mAh g}, respectively, after 50 cycles at 20 mA g~ ! (Capacity
retention: 83, 82, and 74 %, respectively). These results demonstrate
that the rate performance and cycling of carbon material derived from
the coffee ground can be greatly improved by H3PO4 activation. The
HCG-1300-2 shows a superior rate and cycling performance than the
previously reported coffee ground-derived carbon materials
[19,40,41,46,47].

Fig. 6a—d illustrate the relationship between a material’s adsorption,
intercalation, and pore-filling capacities, and their corresponding in-
dicators: In/(Ip + Ig) %, doog, and Ig/Ip. It is important to highlight the
role of lignin in this context, which possesses double bonds susceptible
to breakage, aiding in the formation of C-P bonds. In the case of HCG-
1300-3, the reduced dgg and elevated Ip/(Ip + Ig) values are attrib-
uted to the absence of lignin, resulting from the destruction of the outer
shell.

In Fig. 6a, a high degree of defects facilitates the adsorption process.
After introducing dopants to HCG-1300, the Ip/(Ip + Ig) value for HCG-
1300-1 increases due to dopant evaporation. Subsequently, a 2 M con-
centration promotes significant interaction with biomass, shifting the
main influence towards C-P bond formation and elevating dog2. In HCG-
1300-2, a substantial portion of the dopant contributes to C-P bond
formation, with a smaller amount dedicated to surface defect formation,
reflected in the lower Ip/(Ip + Ig) compared to HCG-1300-1. The in-
crease in Ip/(Ip + Ig) for HCG-1300-3 is associated with structural
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degradation rather than dopant evaporation, emphasizing the nuanced
impact of dopant interactions and structural changes.

In Fig. 6b, the expanded dgp2 enhances the intercalation process
between graphene sheets. The increase occurs until HCG-1300-2 due to
C-P bond formation, after which it decreases for HCG-1300-3 due to the
destructuring of the outer shell, where lignin plays a crucial role.

In Fig. 6¢, a well-organized pore structure facilitates graphitization
by providing ordered pathways for carbon atom rearrangement during
pyrolysis. Low to moderate dopant concentrations may promote
graphitization, while high concentrations can lead to structural disrup-
tion and a subsequent decrease in the degree of graphitization. Practical
measurements have proved the theoretical assumption. Hence, the
specific capacity in three regions has the following dependencies: ca-
pacity in the adsorption region with the ratio between Ip, (Ip + Ig)7}, the
capacity in the intercalation region with the dggo, the capacity in the
pore filling region with the Ig/Ip.

The discharge capacity for HCG-1300, HCG-1300-1, HCG-1300-2
and HCG-1300-3 in three storage regions are presented in Fig. 7d. It is
seen that HCG-1300-2 has the highest discharge in the intercalation and
pore-filling region, correlating with XPS analysis. Therefore, 2 M of
H3PO4 is the most appropriate concentration for phosphorus incorpo-
ration into the carbon matrix.

4. Conclusion

In summary, this study involved the synthesis of P-doped hard car-
bon using coffee grounds and phosphoric acid, followed by filtration to
remove unabsorbed PO3~ ions, and carbonization at a high temperature
of 1300 °C. The resulting hard carbons exhibited a distinctive honey-
comb structure derived from the pyrolysis of coffee grounds, creating
numerous open cavities that facilitate efficient ion transmission and
electrolyte penetration. Notably, the incorporation of phosphorus dop-
ants played a pivotal role in enhancing the electrochemical performance
of these materials. The synthesized HCG-1300-2 demonstrated an
exceptional specific capacity of 341 mAh g~! with an initial Coulombic
efficiency of 83 % at a current density of 20 mA g}, owing to the effi-
cient integration of phosphorus ions into the carbon framework.
Furthermore, a detailed examination of the relationship between
microstructure and electrochemical performance revealed that P-doping
led to an increase in dggp spacing and the introduction of more defects
and pores into the material’s structure. This work underscores the sig-
nificance of P-doping as a means to significantly enhance the electro-
chemical performance of hard carbon. The P-doped hard carbon
material shows promise as a compelling candidate for anode applica-
tions in sodium-ion batteries (SIBs).
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