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In this study, we applied an easily scalable two-step process comprising hydrothermal pretreatment with
simultaneous mild heteroatom doping (N, N-S, and N-P) followed by carbonization at 800 °C to synthesize hard
carbons (HCs) from waste hemp hurd for Na-ion and K-ion storage. The proposed synthesis pathway represents a
viable alternative to the more energy-intensive, environmentally harmful, and/or challenging to scale up pro-
cesses reported in the literature. The resulting carbons, particularly the dual NP-doped and single N-doped va-
rieties, demonstrated improved electrochemical performance in terms of specific capacity (indicating more
reversible ion storage sites) and rate capability (reflecting faster ion transport kinetics). These enhancements can
be attributed to structural and surface chemistry modifications introduced during hydrothermal pretreatment.
For Na-ion storage, the N-doped HC achieved a specific capacity of 293.6 mAh g+ at 0.1 A g% (and 125 mAh
g 'at1 A g™!) with an initial coulombic efficiency (ICE) of 73.5 % using an ester-based electrolyte. The same
material showed an enhanced rate capability when an ether-based electrolyte was employed, achieving 155 mAh
g lat1 A g L. For K-ion half-cells, the dual N-P-doped HC exhibited the best performance at low current rates,
delivering a specific capacity of 260 mAh g~ at 0.1 A g~ in ester-based electrolytes. However, the N-doped HC
showed the best rate capability at 2 A g ! (57 mAh g~!), which is a reasonable value given the lack of mesopores
in produced HCs.

anode (i.e., negative electrode) in LIBs, exhibits significantly limited
sodium-ion storage capacity (approximately 35 mAh g~!) when

1. Introduction

Rechargeable lithium-ion batteries (LIBs) currently represent the
state-of-the-art electrochemical energy storage (EES) systems owing to
their high energy density and long cycle-life. However, due to the
increasing deployment of renewable energy sources, an unprecedented
expansion of the globally installed energy storage capacity is required.
In this context, promising post-lithium technologies based on replacing
lithium with cheaper and more widely available alkali metal species,
such as sodium and potassium, have been explored in the last years.
Nevertheless, much research efforts are still needed to develop sus-
tainable and high-performance electrode materials for post-lithium EES
systems [1].

In sodium-ion batteries (SIBs), graphite, which is commonly used as

carbonate-based electrolytes are employed. In potassium-ion batteries
(PIBs), the insertion and extraction of potassium-ions with a larger
radius (1.38 108) induces significant volumetric expansion changes in the
graphite electrodes during cycling, leading to limited cycling stability
[2]. To advance the scalability of SIBs and PIBs, improvements are
needed across various components of the cell, with a particular focus on
enhancing electrode performance and improving the ion conductivity
and stability of the solid electrolyte interphase (SEI). Additionally,
electrodes should be manufactured from sustainable raw materials using
energy-efficient and environmentally friendly production processes [3].

To date, substantial efforts have been made in the synthesis of
alternative advanced carbon-based materials to be used as anodes in
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SIBs and, to a lesser extent, in PIBs. Hard carbons (HCs) derived from
biomass sources, which are low-cost and renewable alternatives to
fossil-based carbon materials, are attractive candidates for both SIB and
PIB purposes due to their high electrical conductivity and chemical
stability [4-6]. HCs are usually composed of randomly oriented tur-
bostratic graphene nanosheets with an expanded interlayer spacing
(doo2) and relatively abundant open/closed nanopores. These structural
features can facilitate ion and electron transport, leading to appropriate
storage capacities, even at relatively high current rates.

Storage of Na™ ions into HCs primarily occurs in two main stages
during galvanostatic discharge: (1) a sloping region at relatively high
voltages (above 0.15 V vs. Na'/Na), where storage of sodium ions is
mainly attributed to adsorption processes driven by surface charge
storage, heteroatoms, and defects; and (2) a plateau region at lower
voltages (below 0.15 V vs. Na®™/Na), which is mainly associated with
intercalation and pore filling processes [7]. For potassium ion storage,
galvanostatic discharge profiles can also be divided into two parts: (1) a
high potential region (above 0.5 V vs. K*/K) associated to adsorption
processes; and (2) a low potential region (below 0.5 V vs. K*/K), where
intercalation is the dominant K™ -ion storage process [8]. Nonetheless,
biomass-derived HCs anodes still exhibit certain limitations that hinder
their implementation at large scale, such as low initial coulombic effi-
ciency (ICE) [9,10] and poor cycling stability in comparison with
graphite-based anodes in LIBs [11,12]. To overcome these issues, a
better understanding of the complex phenomena occurring at the
electrode-electrolyte interphase is essential for fine-tuning the proper-
ties of HCs, especially in terms of pore size distribution and functional
groups on surface. In this sense, hierarchical pore size distributions
(with appropriate volumes of both micro- and mesopores) can lead to an
improved storage capacity and rate capability [13], but they can also
result in extremely low ICE values depending on the electrolyte
formulation.

In addition to the possibility of tailoring the inherent material fea-
tures of HCs, the introduction of heteroatoms (like N, P, S, etc.) into their
structure is a well-known strategy to further enhance their electronic/
ion conductivity and introducing functional groups on surface that may
boost electrochemical storage properties [14-17]. Co-doping appears as
a very promising approach to improve the overall performance of the
resulting carbon materials due to a synergetic effect. For instance,
co-doping with N and P can lead to enhanced structural distortion and
larger interlayer spacing, which is especially beneficial for the reversible
adsorption/intercalation of K™ ions [18]. On the other hand, previous
studies reported the synergistic effect of co-doping with N and S, which
not only can promote the electronegativity of carbon and thereby
enhancing the absorption of Na' ions, but also can induce additional
modifications in the surface and structural properties of carbons,
resulting in an enhanced sodium storage performance [19,20].
Furthermore, the versatility of heteroatom-doped carbons extends
beyond energy storage to other applications, such as environmental
remediation [21], and heterogenous catalysis [22]. For example,
biomass-derived carbons functionalized with metal oxides have been
successfully employed for heavy metal adsorption [23].

In recent years, industrial hemp (cannabis sativa L.) production in the
EU has increased significantly, from 20,540 ha in 2015 to 33,020 ha in
2022 [24]. Industrial hemp fiber is considered by the European Com-
mission as a sustainable raw material for both the textile and paper in-
dustry. However, hemp hurd (the inner lignocellulosic portion of hemp
stalk) is the by-product of the hemp defibration process and it is most
often discarded together with the leaves. Therefore, there is a strong
need for the development of technology to valorize waste hemp hurd
(WHH) sourced from industrial hemp into renewable value-added bio-
materials [25].

In recent years, there has been a growing interest in using WHH as a
precursor for carbon materials in EES devices (see Fig. S1 in Supporting
Information). For instance, Wang et al. produced N-doped high specific
surface area carbon nanosheets (840 m? g’l) from hemp fibers via
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hydrothermal pretreatment, activation with KOH at 850 °C, and hy-
drothermal posttreatment with urea [26]. When the synthesized carbons
were tested as anodes in sodium-ion half-cells, they exhibited an
impressive capacity of 173 mAh g~ at 1 A g™, but a very low ICE (43
%). More recently, a notable rate capability for a sodium-ion half-cell
(79 mAh g~ at 1 A g1) was also reported in our previous study for
WHH-derived HCs produced through mild chemical activation with
KoCO3 [27]. The electrochemical performance of WHH-derived HCs for
sodium-ion storage was notably improved via an easily scalable process
involving hydrothermal pretreatment assisted by HCl and subsequent
annealing at 1000 °C [28]. The resulting carbon-based anodes delivered
specific capacities of 535 and 115 mAh g~ ! at current densities of 0.03
and 1 A g7}, respectively. In the context of PIBs, Wang et al. produced
fluorine-doped carbon electrodes derived from industrial hemp core and
using PTFE as fluoride agent [29]. The resulting carbons showed an
excellent rate capability (369.6 and 229.3 mAh g™ at 0.2 and 2 A g7,
respectively).

With all the above kept in mind, the specific aim of the present study
was to synthesize single N-doped and dual N-P- and N-S-doped hard
carbons from WHH as a precursor, sourced from Narlisaray in the Black
Sea region of Turkey. The synthesis was conducted through a two-step
easily scalable process comprised of a hydrothermal pretreatment fol-
lowed by carbonization at a moderate-higher temperature of 800 °C.
Unlike most previous studies, which often focus exclusively on either
sodium- or potassium-ion batteries and rarely compare the impact of
different electrolyte formulations, this work systematically evaluates the
storage capabilities of both Nat and K ions across multiple configu-
rations. It provides valuable insights into the complex interactions at the
electrode-electrolyte interface and assesses the potential of doped car-
bons to address key challenges in post-lithium energy storage technol-
ogies. Additionally, this study integrates sustainability, scalability, and
versatility to advance the understanding of biomass-derived carbons and
contribute to the development of practical and efficient energy storage
solutions.

2. Experimental section
2.1. Synthesis of hard carbons

The WHH samples used here were characterized in detail through
proximate and elemental analyses, as well as determination of the main
biomass constituents (extractives, hemicellulose, cellulose, and lignin)
and the main species present in ash. More details on the analytical
methods adopted are given elsewhere [27].

Doped hard carbons were synthesized via a two-step process: 5 g of
WHH (previously sieved to particle sizes below 5 mm) and 1 g of dopant
source (urea, ammonium sulphate, and ammonium dihydrogen phos-
phate for N, N-S, and N-P doping, respectively) were dissolved in 60 mL
of DI water. The resulting mixture was subjected to hydrothermal
treatment using a PTFE-lined stainless-steel autoclave (Huanyu ZHT-
172C) at a highest temperature of 180 °C for 12 h. After cooling to
room temperature, the resulting hydrochar (ca. 2 g per batch) was
collected through vacuum filtration, dried at 100 °C for 12 h, and then
carbonized at a highest temperature of 800 °C using a tubular mullite-
made reactor inserted into a high-temperature furnace (Carbolite TF1
16/60/300) under a continuous flow of argon at a heating rate of 5 °C
min~!. To extract inorganics and unreacted doping agents, the resulting
carbon was washed using a HCI solution (2 mol dm>) and then rinsed
with DI water until neutral pH was achieved. The final hard carbon was
dried (at 100 °C for 12 h), grounded, and sieved to collect particles
below 90 pm. For comparison purposes, an undoped carbon (H800) was
produced under the same thermochemical process route described
above. The doped materials were designated as HN800, HNS800, and
HNP800, indicating the respective dopant source (see Fig. S2 for a visual
summary of the synthesis pathway).
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2.2. Physicochemical characterization of hard carbons

To investigate the structural properties of produced carbons, X-ray
diffraction (XRD) and Raman spectroscopy were employed. XRD anal-
ysis was performed using an Empyrean instrument from Malvern Pan-
alytical (UK), with a wavelength of 0.154 nm. This technique allowed
for the determination of parameters such as the graphene interlayer
spacing (doo2), the apparent crystallite thickness of crystallites along the
c-axis (L), the apparent width of crystallites along the a-axis (L,), and
the number of graphene stacking layers (n) through the application of
Bragg’s law and Scherrer’s equation [30]. Raman spectroscopy was
conducted using an Alpha 300 instrument from WITec (Germany) at a
laser wavelength of 532 nm. The acquired Raman spectra were decon-
voluted into one Gaussian-shaped band (D3) and four Lorentzian-shaped
bands (G, D1, D2, and D4) using the Peak Analyzer tool in OringinPro
software, following the procedure described by Sadezky et al. [31].

Morphological features of the samples were analyzed using scanning
electron microscopy (SEM) and high-resolution transmission electron
microscopy (HR-TEM). SEM was performed using an Inspect F50A mi-
croscope (FEL, Eindhoven, The Netherlands). A Titan microscope (FEIL,
Eindhoven, The Netherlands), operating at 300 kV and equipped with a
SuperTwin® objective lens and a CETCOR objective corrector from
CEOS Company (with a point-to-point resolution of 0.08 nm), was used
for HR-TEM. Interplanar distances were determined from HR-TEM im-
ages using Digitalmicrograph™ software.

Furthermore, X-ray photoelectron spectroscopy (XPS) was used to
assess the availability on surface of heteroatom-containing functional
groups. XPS measurements were conducted using an Axis Supra system
(Katros Analytical, UK) with a monochromatic Al Ka X-ray source (1486
eV). The relevant regions of the spectra were deconvoluted using
CasaXPS software. To evaluate the narrow porosity of HCs, CO,
adsorption isotherms at 0 °C were obtained using an Autosorb-iQ-XR2
analyzer (Quantachrome Instruments, Germany). From COs adsorp-
tion data, both the specific surface area (Spgr) and volume of ultra-
micropores (pore size less than 0.7 nm) were estimated using the
Brunauer-Emmett-Teller equation and a non-local density functional
theory (NLDFT) model for slit pore geometry, respectively.

2.3. Electrochemical performance measurements

Carbon-based electrodes were composed of (percentages in mass): 80
% WHH-derived HCs, 10 % acetylene black (as conductive agent), and 5
% styrene-butadiene rubber (SBR) and 5 % sodium carboxymethyl cel-
lulose (Na-CMC) as co-binders. A homogenized slurry was obtained by
adding DI water under vortex agitation and magnetic stirring. Then, the
slurry was uniformly coated on a high-purity aluminum sheet (current
collector) using a baker applicator, resulting in a composite electrode
with a thickness of 100 pm. Finally, the resulting electrodes were
punched into discs (12 mm diameter) and dried under vacuum at 120 °C
for 12 h. The final mass loading of working electrodes was 1.53 + 0.34
mg em™2

Customized three-electrode t-type Swagelok half-cells—see
Fig. S3—were assembled in an Ar-filled glovebox with O, and H,0
contents below 0.5 ppm. Metallic sodium (for SIBs) or potassium (for
PIBs) were used as counter electrode (12 mm diameter discs) and
reference electrode (5 mm diameter discs). As separator, two 190 mm
thickness glass fiber filters were used. Two different electrolyte formu-
lations, previously tested in a prior study [32], were used for SIBs with a
fixed volume of 120 pL: (a) 1 mol dm 3 NaTFS$I in a mixture (1:1 in
volume) of dimethyl carbonate (DMC) and ethylene carbonate (EC), and
(b) 1 mol dm~3 NaPFg in diglyme (DGM). For KIBs, the electrolyte for-
mulations (120 pL) used were: (a) 0.8 mol dm™® KPFg in a mixture (1:1
in mass) of DMC and EC, and (b) 1 mol dm~2 KFSI in a mixture (1:1 in
mass) of diethyl carbonate (DEC) and EC.

All the electrochemical measurements were conducted using a
potentiostat-galvanostat (model SP-200 from Bio-Logic, France) at room
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temperature. Galvanostatic discharge/charge (GCD) measurements
were carried out within a potential window of 0.01-2.5 V (vs. Na*/Na),
and 0.01-3.0 V (vs. K™/K), whereas cyclic voltammetry (CV) curves
were obtained at a scan rate of 0.1 mV s~ within the same voltage
windows. Galvanostatic intermittent titration technique (GITT) mea-
surements were also conducted at a constant current density of 0.03 A
g1, a pulse time of 20 min, and relaxation periods of 1 h at open circuit.
The working electrodes were previously subjected to three CV scans to
allow the formation and stabilization of the SEI layer.

3. Results and discussion
3.1. Material features

Table S1 (SI) reports the results obtained from raw WHH charac-
terization. The relatively well-balanced contents of hemicellulose, cel-
lulose, and lignin (38.1 %, 32.0 %, and 23.8 %, respectively, in weight
basis), could be interesting for sodium- and potassium-ion storage pur-
poses. As recently reported by Liao et al. [33], relatively high contents of
cellulose could result in smaller and randomly oriented pseudographitic
layers as well as closed pores (depending on the highest annealing
temperature), which contribute to high reversible storage capacity;
while precursors with relatively high lignin contents usually results in
mostly open porous structures, which favor ion diffusion and cycling
stability.

Fig. 1 illustrates SEM images of the HCs synthesized in this study.
From all the images, it can be seen that all the produced HCs retain the
characteristic structures of the original biomass, including fibers, pores,
and channels. The samples also exhibited a considerably rough surface
and the presence of some microspheres attached to the main structure.
These features can be ascribed to the hydrothermal pretreatment, which
promotes hydrolysis of cellulose and hemicellulose to soluble monomers
and the subsequent polymerization and condensation of them to form
carbon microspheres [34]. However, the sizes and availability of mi-
crospheres differed significantly depending on the doping agent used,
with diameters ranging from 0.33 pm (Fig. 1b) to 10 pm (Fig. 1d) for
HNP800 and HNS800, respectively. When urea was used as N-doping
agent, the formation of agglomerated microspheres was promoted (see
Fig. 1c). This phenomenon could be attributed to reactions between
carbonyl groups on the surface of nascent hydrochar and the amino
groups in urea, leading to the formation of hydroxymethyl-containing
compounds, which subsequently condense into microspheres [35].

Fig. 2 displays selected HR-TEM images of HCs. Overall, mostly
amorphous structures with randomly distributed pseudographitic do-
mains were observed in all cases. According to the literature, interlayer
spacing values of 0.37-0.40 nm for sodium ion [36] and around 0.38 nm
for potassium ion [37] can optimize the intercalation of these ions in
carbonaceous materials. Such spacings can also contribute to buffer the
volume change during the fast insertion-extraction process of ions [38].
As depicted in Fig. 2b, the HN800 material showed local domains with
considerably expanded interlayer distances (i.e., above 0.4 nm),
whereas HNP800 (Fig. 2e) and HNS800 (Fig. 2f) exhibited relatively
narrow interlayer spacing (i.e., below 0.37 nm) with certain highly or-
dered domains with planar distances below 0.30 nm. Interestingly, urea
doping also resulted in the formation of highly ordered local domains
during the carbonization process, as shown in Fig. 2c, where well
defined fully graphitic 2D structures are visible. Furthermore, the
co-existence of both disordered and ordered domains in HN80O is clearly
evident in Fig. 2d.

Regarding the results from XRD analysis, Fig. 3a displays the patterns
obtained for hard carbons. As expected, two board peaks were identi-
fied, with approximate centers at 23° and 44°. The first peak correlates
with the spacing between graphene layers, whereas the second peak is
primarily linked to the contributions of the (100) and (101) reflections
[5]. Table 1 reports the calculated parameters using the Bragg’s law and
the Scherrer’s equation. Despite the apparent differences in interlayer
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Fig. 1. SEM images of WHH-derived carbons: H800 (a), HNP800 (b), HN80O0 (c), and HNS800 (d).

spacing values for local domains deduced from the HR-TEM images
shown in Fig. 2, dggo values for bulk HCs reported in Table 1 were quite
similar (within the range of 0.37-0.39 nm). After analyzing the rest of
structural parameters listed in Table 1 (including those deduced from
Raman spectra given in Figs. S4a and S4b), no significant differences
were observed regarding the degree of disorder. Probably HNS800 could
have a slightly more disordered structure, given the values obtained for
Ap1/Ag and L,. This may be explained by the fact that the hydrothermal
treatment itself already favored the introduction of numerous structural
defects by, for instance, intrinsic carbon dislocation and vacancies and
oxygen doping [39].

Table 2 reports the elemental composition found on the surface of
WHH-derived hydrochar (obtained using DI water as hydrothermal
medium) and WHH-derived HCs, which was determined from the ac-
quired survey XPS spectra (see Figs. S5-59). Only K and Si from the raw
biomass were detected in the WHH-derived carbons. As expected, the
oxygen content in the resulting HCs was considerably lower than that
obtained for hydrochar (33.9 %), which was relatively high as a
consequence of the introduction of oxygen-containing functional groups
during hydrothermal carbonization. Interestingly, heteroatom-doped
HCs exhibited higher oxygen contents with respect to the undoped
H800 carbon. Abundant oxygen groups can increase electrode surface
wettability and also provide extra pseudocapacitive active sites. From
Tables 2 and it can also be observed that the atomic contents on surface
of dopant elements are relatively low, particularly for phosphorous and
sulfur in the HNP800 and HNS800 doped carbon, respectively. Previous
studies have reported atomic contents of at least 2.5 % for S-doped
carbons [40] and 1.1 % for P-doped carbons [41]. These findings suggest
that the chemical agents employed in this work for S- and P-doping
resulted in modest yields of heteroatom incorporation into the carbon
structure.

The high-resolution spectra of C 1s region were deconvoluted into six
peaks, corresponding to C—C bonds associated with aromatic sp? car-
bons (281.8-282.0 eV), C—C bonds linked to sp3 carbons and defective
carbon structures (282.7-283.6 eV), defective carbons and C—O groups

(284.2-284.4 eV), C=0 groups (287.3-287.4 eV), O=C—O groups
(290.1-290.2 eV), and n—x* transitions (292.2-293.3 eV) [42,43].
Similarly, the deconvoluted high-resolution spectra of O 1s region
revealed four peaks corresponding to C=O bonds in quinones
(529.3-529.5 eV), C—O bonds in hydroxyl and phenolic groups
(530.3-530.4 eV), C—O bonds in esters and anhydrides groups, as well
as C=0 bonds in carboxylic groups (531.1-532.7 eV), and adsorbed
moisture and oxygen (534.1-534.8 eV) [44]. Additionally, the
high-resolution scan of the N 1s region was deconvoluted into pyridinic
N (395.5-395.7 eV), pyrrolic N (398.1-398.3 eV), and quaternary N
(400.1-400.4 eV).

Results from deconvolution are graphically summarized in Fig. 3b—d.
The doped HCs showed a higher proportion of aromatic sp?> C—C bonds,
attributed to the introduction of heteroatoms and the subsequent for-
mation of more conjugated structures. From deconvolution of O 1s re-
gions, it can also be observed that HNP800 and HN80O featured a higher
content of C=0 bonds (see Fig. 3c), which promote reversible adsorption
of both Na*t- and K*-ions, thereby increasing the storage capacity of the
HC-based anode [43,45]. Additionally, deconvolution results of N 1s
regions indicated a marked increase in pyridinic N, at the expense of
quaternary N, when extrinsic doping agents were used (see Fig. 3d). It is
generally assumed that both pyrrolic (the most abundant N configura-
tion for synthesized HCs) and pyridinic N are more effective for elec-
trochemical energy storage. In this context, Feng et al. reported that
pyrrolic N has a more suitable Na*-ion adsorption energy [46], whereas
Xie et al. corroborated that high contents of pyridinic N favored the
creation of additional active sites for reversible adsorption of K* ions
[47]. Deconvolution of S 2p region for the HNS800 material led to two
peaks at the binding energies of ca. 163.4 eV (S 2p3/2) and ca. 164.4 eV
(S 2p1/2), representing C—S—C covalent bonds (see Fig. S9). For the
dual N-P-doped HC, the limited signal in the P 2p region prevented an
accurate deconvolution (see Fig. S7).

Table 2 also lists the specific surface areas (Sggr) deduced from CO,
adsorption isotherms (which are shown in Fig. S10). Similar Sggr values
and narrow micropore (i.e., below 1 nm) size distributions (see also
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Fig. 2. HR-TEM images of H800 (a), HN800 (b-d), HN800 (d), and HNS800 (e).

Fig. S11) were obtained for all the produced HCs. Moderate microporous
surface areas, like those reported in the present stuy, could lead to
reasonable ICE values (i.e., above 70 %) without compromising the
diffusion rate of ions through the electrode [27,48-50]. In addition, the
bimodal pore size distributions of HCs, with peaks at ca. 0.35 nm and
0.5 nm, indicate a dominat ultramicropore network, which could
enhance the plateau capacity via pore filling and provide relatively fast
transport channels for ions while simultaneously hindering the elec-
trolyte contact with the inner surface.

3.2. Electrochemical performance of hard carbon-based anodes

The cyclic voltammetry curves corresponding to the first three
discharge-charge cycles for H800, HNP800, HN800 and HNS800 ma-
terials are shown in Figs. 4 and 5 for sodium-ion and potassium-ion half-
cells, respectively. For Na'-ion half-cells, NaTFSI in DMC:EC electrolyte
was used, whereas KPFg in DMC:EC (to avoid salt precipitation [50])
was the electrolyte formulation for K'-ion half-cells.

In Fig. 4, the irreversible broad peak observed during the first
discharge is attributed to the decomposition of the electrolyte and the
subsequent formation of the SEI layer, as well as the irreversible

adsorption of Na' ions in structural defects and surface functional
groups. The irreversible peak observed for the undoped H800 material
was more prominent in comparison with those observed for doped HCs.
This could be explained by a higher extent of irreversible adsorption
processes on, for instance, C—O functional groups. Furthermore, the
reversible peaks appearing around 0.01 V (cathodic) and 0.15-0.20 V
(anodic) are ascribed to the reversible storage and release of Na' ions in
the carbon framework, respectively [51-53]. These peaks were consid-
erably more pronounced for heteroatom-doped HCs, especially for
HNP800 and HN80O. As can be seen in Fig. 4d, the HNS800 material
exhibited a certain instability (i.e., capacity loss between the second and
third cycles), which could be attributed to irreversible sodiation pro-
cesses on certain functional groups and/or continuous growth of the SEI.

Concerning the CV curves obtained for potassium-ion half-cells
(Fig. 5), it should be highlighted the unstable behavior also observed for
HNSB800 (see Fig. 5d). The more pronounced cathodic (at ca. 0.01 V) and
anodic (within the range of 0.5-0.7 V) peaks—attributed to uptake and
release of K" ions—only appeared during the first discharge, indicating
a high extent of irreversible K'-ion storage processes. In addition, and in
agreement with the findings by Qian et al., sulfur can also catalyze the
reduction and decomposition of the electrolyte (KPF¢ in carbonate-
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Fig. 3. XRD patterns of WHH-derived carbons (a), contributions (area %) of the different peaks from deconvoluted C 1s (b), O 1s (c), and N 1s (d) binding en-

ergy regions.

Table 1

Structural parameters of WHH-derived carbons deduced from XRD and Raman analyses.

Material From XRD From Raman
doo2 (nm) L. (nm) La (nm) Ap1/Ac L, (nm) Ap1/(Ag + Ap1 + Apz) FWHM of D1 peak (cm ™)
H800 0.388 0.895 3.508 4.79 £ 0.30 4.03 £0.24 0.808 + 0.01 195 + 4.77
HNP800 0.376 0.899 2.857 4.44 £1.14 4.51 £ 1.06 0.791 + 0.03 199 + 6.75
HN800 0.373 0.945 3.070 4.94 £ 0.59 3.93 £ 0.52 0.808 + 0.02 202 + 2.98
HNS800 0.369 0.894 2.420 5.30 £ 0.53 3.65 £ 0.35 0.821 + 0.01 205 + 5.41
Table 2
Surface composition (at. %) obtained via integrated areas of the survey XPS spectra and specific surface areas deduced from CO, adsorption isotherms.
Material C (o} N P S K Si Sper (m? g71)? Ultramicropore volume (cm® g~1)°
Hydrochar (in pure water) 65.3 33.9 0.46 ND” ND ND 0.32 ND ND
H800 93.9 4.89 0.58 ND ND 0.27 0.30 387.9 0.180
HNP800 87.5 7.49 2.12 0.70 ND ND 2.85 391.2 0.175
HN800 88.1 7.54 1.32 ND ND 0.16 2.93 365.8 0.167
HNS800 88.7 6.66 1.82 ND 0.90 ND 2.80 369.1 0.167

2 From CO, adsorption isotherm at 0 °C.
b Not detected.
¢ From CO adsorption data using a NLDFT model.

based solvents) to form a thicker and more resistive SEI, resulting in a
relatively poor cycling stability [54].

The different CV patterns between sodium-ion and potassium-ion
half-cells could be explained by multiple reasons, including differences
in binding energies of the respective ions, ionic size, etc. CV curves for
Na® ion showed more pronounced peaks in the low-voltage (i.e.,
plateau) region, suggesting that intercalation and pore filling contrib-
uted more significantly to the overall capacity. In contrast, for K' ion,
the different shape and reduced amplitude of CV peaks may suggest a
dominant role of surface storage processes [18].

Fig. 6 illustrates the first five GCD cycles (at a current density of 0.1

A g1 for WHH-derived HCs using three-electrode sodium-ion half-cells
and carbonate-based electrolyte formulations. As can clearly be seen,
the incorporation of heteroatoms resulted in a higher contribution from
the plateau region without compromising the slope region (see
Fig. S12a). In particular, both HNP800 and HN80O doped carbons dis-
played remarkable electrochemical performance, with specific capac-
ities of 270.3 and 293.6 mAh g! (at 0.1 A g™1), respectively. In
addition, a remarkable ICE of 73.5 % was measured for the single N-
doped carbon. The overall better electrochemical performance of
HNB800 could be explained by its features in terms of surface chemistry
(this material exhibited the highest content of C=0 bonds and pyrrolic
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@

0.7 0.7
0.6 — 1%t cycle 0.6 1% cycle
0.5 2M cycle 054 —— 2" cycle
0.4 —— 3" cycle 0.4 —— 3% cycle
0.3 034
02 02
z 2 o
g o1 E 0.1
= 004 £ 001
c €
g -0.14 © 0.1
3wz 5024
[&] [&]
034 034
0.4 04 ]
-0.54 -0.54
-0.6 -0.6 4
0.7 ] 0.7
0.8 - T T T T T T -0.8 -1 T T T T T T
0.0 05 1.0 15 2.0 25 3.0 0.0 05 1.0 15 2.0 25 3.0
Potential (V vs. K*/K) Potential (V vs. K*/K)
(©) (d
0.7 0.7
0.6 — 1%t cycle 0.6 - 1% cycle
0.5 —— 2™ cycle 0.5 2™ cycle
0.4 —— 3 cycle 044 39 cycle
0.3 0.3
02 02
< 0411 < 041
é 0.1 c 0.1
= 0.0+ ~ 0.0
g -0.1 5 0.1
‘3 0.2 5954
-0.34 2 -0.34
0.4 0.4
0.5+ -0.5+
-0.6 -0.6 4
0.7 0.7
-0.8 7 T T T T T T 0.8 - T T T T T T
0.0 05 1.0 15 2.0 25 3.0 00 05 1.0 15 20 25 3.0

Potential (V vs. K*/K)

Potential (V vs. K*/K)

Fig. 5. CV curves of the first three cycles for H800 (a), HNP800 (b), HN800 (c), and HNS800 (d) using 0.8 mol dm—2 KPFg in DMC:EC (1:1 in mass) as electrolyte.

N) and interlayer spacing (relative abundance of local domains with
greatly expanded interlayer distances, as shown in Fig. 2b), resulting in
increased slope and plateau capacities, respectively.

In contrast to the observed behavior for sodium-ion storage, and in
line with the CV curves above-discussed, different patterns with lesser
contributions from the plateau region can clearly be observed in Fig. 7



D. Antoran et al. Biomass and Bioenergy 194 (2025) 107633

(a) H800 (ICE: 47.8%) (b) HNP80O (ICE: 65.6%)
25 25

[—— qst —qst
—ond _ond
3rd
—
5th

3rd
4t
5t

Voltage (V vs. Na*/Na)
o o = = n
> & > o >
%
Voltage (V vs. Na*/Na)
o 2 = ~
& o & o
! . 1 I

T T T T 0.0 T T T T
100 200 300 400 500 0 100 200 300 400 500

Capacity (mMAhg™") Capacity (mAhg™")
HN800 (ICE: 73.5%) (d) HNS800 (ICE: 53.4%)
25

25

o

~
o
~

[ qst
__ond
— 3
]
—

Voltage (V vs. Na*/Na)
° o = = ~
> P > P >
ﬁ
Voltage (V vs. Na*/Na)
o o = = N
> b > o >
1 . ! I

. r T 7 T T
0 100 200 300 400 500 0 100 200 300 400 500
Capacity (mAhg™') Capacity (mA hg™")

Fig. 6. GCD profiles (using three-electrode cells at 0.1 A g’l) for H800 (a), HNP80O (b), HN80O (c), and HNS800 (d) using 1 mol dm~3 NaTFSI in DMC:EC (1:1 vol)
as electrolyte.

() H800 (ICE: 51.1%) (b) HNP800 (ICE: 52.7%)
3.0 3.0

Voltage (V vs. K*/K)

° = = » N

& B & ° &

&
‘ca Y L N J

Voltage (V vs. K*/K)

o = = N N

(5, o (%, o (%,

! ! 1 1 1

0.0 T T T T 0.0 T T T T
0 100 200 300 400 500 0 100 200 300 400 500
Capacity (mAhg™) Capacity (A h g™
(c) HN80O (ICE: 58.9%) (d) HNS800 (ICE: 60.6%)
3.0

3.0

)
_ond
—3d —3
4 ——4"
(R 5"\

Voltage (V vs. K*/K)
° = = N N
& B & ° &
&
Voltage (V vs. K*/K)
° = = ~ N
o o o > o
1 L 1 L 1
@ N -‘;

0.0 T T T T
T
0 100 200 300 400 500 0 100 200 300 400 500

Capacity (mAhg™) Capacity (mAh g™')

0.0

Fig. 7. GCD profiles (using three-electrode cells at 0.1 A g’l) for H800 (a), HNP80O (b); HN80O (c), and HNS800 (d) using 0.8 mol dm™® KPFg in DMC:EC (1:1 in
mass) as electrolyte.



D. Antoran et al.

for potassium-ion half-cells (see also Fig. S12b). In general, relatively
low ICE values, in comparison with sodium-ion storage, were obtained
(from 51.1 % for H800 to 60.6 % for HNS800). However, these values
are considerably better than those reported for hard carbons in some
previous studies, which were in the range of 20-50 % [55,56]. Beyond
the possible decomposition of the electrolyte, irreversible trapping of K™
ions at oxygen-containing defect sites can explain the low ICE.

Fig. 8 shows the plots of the apparent diffusion coefficients (D, and
D), calculated from GITT measurements following the procedure
described in a previous work [27]. For sodium-ion diffusion, the profiles
shown in Fig. 8a and b clearly reveal an overall slower diffusion rate for
HNS800. This result was quite unexpected, since it is generally accepted
that S atoms can lead to enlarged interlayer distances and rational
adsorption energy values, thereby reducing the ions’ diffusion barrier
[57]. Furthermore, the diffusion pattern observed for the N-S-doped HC
during discharge (i.e., sodiation) notably differed from those observed
for the rest of HCs, for which a typical three-stage sequence can be
deduced. These stages are the following [58]: (1) at voltages higher than
0.1 V, the observed almost constant and relatively high diffusion rate
corresponds to the adsorption of Na™ ions on surface defects, intralayer
defects, and the amorphous region; (2) when the voltage is between ca.
0.1 Vand 0.05 V, the diffusion coefficient gradually decreased, probably
as a consequence of the repulsion between accumulated Na™ ions; and
(3) at very low voltages, the gradual increase in Dy, * values can be
attributed to the fact that Na ™ ions entering micropores or interlayers
are reduced, thereby reducing the repulsive forces. The different trend
observed for HNS800 clearly indicates a hindered ion mobility across
the electrode, which can be explained by the extent of irreversible re-
actions on surface (especially during the first sodiation). These reactions
can lead to intermediate products that may be deposited on the carbon
surface, thereby creating a passivation or insulating layer that partly
inhibits further ion transport.

To enhance the electrochemical performance of HCs in SIBs, the
replacement of ester-based electrolytes with ether-based ones has been
proposed [32,59], as latter can form thinner and more stable SEI layers.
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For PIBs, Wu et al. [50] recently reported an enhanced performance of
lignin-derived HCs when KFSI in DEC:EC was used. The authors attrib-
uted this improvement to the formation of a KF-rich SEI, which effec-
tively mitigates side reactions and severe structural degradation. Taking
into account the potential of these alternative electrolytes, the first five
GCD cycles were also acquired for both sodium-ion and potassium-ion
half-cells using NaPFg in DGM and KFSI in DEC:EC, respectively. From
the results plotted in Fig. S13 (for Na™ ion), it can be deduced that the
use of the DGM-based electrolyte did not lead to a general improvement
in performance and only an enhancement in the reversible capacity of
the undoped HC was observed. On the contrary, the ICE values were
lower than those reported in Fig. 6, except for HNS800, which also
exhibited a stable behavior. These findings highlight the extreme
complexity of the interactions between the electrolyte and the surface
chemistry of HC-based electrodes and suggest that the observed irre-
versibility is more likely due to undesired reactions between sodium ions
and functional groups than to the formation of a thick SEI layer. Con-
cerning the GCD data obtained for K" -ion half-cells (see Fig. S14), the
differences in ICE and GCD profiles between both electrolytes were less
significant compared to those observed for Na'-ion half-cells. This
finding does not appear to be consistent with the data reported in earlier
studies [50,60,61], where the use of KFSI salt led to slightly or moder-
ately better ICE, capacity, and stability. Although it is true that further
investigation into the effect of the electrolyte is necessary, the results
obtained once again demonstrate the complexity of surface chemistry
interactions and the difficulty of extrapolating trends to other HC-based
electrodes.

The rate capability of WHH-derived HCs is summarized in Fig. 9 (see
also Tables S2 and S3 for specific charge capacity values). For sodium
ions (Fig. 9a and b), both HN800 and HNP80O0 also exhibited the best
rate capability. At 2 A g1, they maintained notable reversible capacities
of 79 and 90 mAh g’1 (using NaTFSI in DMC:EC) and 117 and 109 mAh
g~ ! (using NaPFs in DGM), respectively. The slightly better performance
at high current densities observed with diglyme as the electrolyte sol-
vent can be attributed to a reduction in the energy barrier during
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desolvation at the electrode surface, since it has been reported that the
intercalation of Na'-ions into hard carbons is usually accompanied by
one molecule of ether (i.e., co-intercalation) [62]. In addition, the
improved stability of the HNS800-based anode in DGM was confirmed.
In fact, this material exhibited a remarkable electrochemical perfor-
mance, specially at relatively low current rates. With respect to potas-
sium ions, results plotted in Fig. 9c and d indicate that using KFSI as
electrolyte salt did not lead to an improvement of rate capability.
Nevertheless, the HC showing the best rate capability was different
depending on the electrolyte formulation: HN80O for KPFg in DMC:EC
electrolyte (156 and 117 mAh g~! at 1 and 2 A g}, respectively) and
HNP800 (93 mAh g at1A g 1) or HNS800 (49 mAh g 'at2Ag™1) for
KFSI in DEC:EC. This fact further demonstrates the importance of the
electrode’s surface chemistry in the phenomena occurring at the inter-
phase with the electrolyte.

Overall, the HN800 and HNP80O materials demonstrated the best
performance as electrodes. To evaluate their cycling stability, 300
discharge-charge cycles were conducted at 1 A g, following an initial
set of five cycles at 0.1 A g~1. From Fig. 10, which shows the results
obtained for both HCs using all the electrolytes tested here, it can be
observed that cycling stability of the single N-doped HC was highly
dependent on the electrolyte formulation for both sodium- and
potassium-ion half-cells. For sodium ions, the HN800-based electrode in
NaPFe/DGM electrolyte showed the best performance and stability,
delivering a specific capacity of 134 mAh g ! at cycle 300 and achieving
an impressive 99.5 % capacity retention when the current density was
returned to 0.1 A g~ 1. This excellent behavior positions this material as
highly attractive, considering the mild synthesis conditions (see
Table S4 for a comparison of the performance of HN800 with that re-
ported for other heteroatom-doped HCs in the literature).

For potassium-ion half-cells, the HN80O material also exhibited the
best performance and stability (36 mAh g~! at cycle 300 and 94.5 %
capacity retention) when KPFg in DMC:EC was used as the electrolyte.
However, the cycling stability of HN80O was really poor when KFSI in
DEC:EC was employed. Interestingly, the HNP800-based electrode
exhibited very similar cycling performances for the two electrolyte
formulations tested for either Na'-ion (NaPFs/DGM) or K'-ion (KPFs/
DMC:EC) chemistries. Nevertheless, in light of the data reported in
Table S5 for other biomass-derived heteroatom-doped HCs, one can
conclude that the rate capability and cycling performance of both
HN800 and HNP800 materials were relatively modest. This could be
explained by the lack of mesopores in the synthesized HCs, as they
provide efficient pathways for the rapid intercalation of K* ions at low
voltage. This argument is consistent with findings recently reported by
Yuan et al., where the key role of mesopores in K*-ion migration in HCs
was highlighted [8]. The authors observed that synthetic HCs with an
optimal appropriate mesopore-to-micropore volume ratio (approxi-
mately 30:70) exhibited improved rate capability and excellent cycling
stability (i.e., 176.6 mAh g~ ! after 5000 cycles at 2 A g~1).

4. Conclusions

From the results reported here, we can conclude that WHH-derived
hard carbons, produced through a scalable synthesis pathway
involving hydrothermal pretreatment with mild heteroatom doping and
subsequent thermal annealing at 800 °C, are promising materials for use
as anodes in both Na-ion and K-ion batteries. The significant role of both
surface chemistry—stemming from intrinsic oxygen-containing and
extrinsic heteroatom-containing functional groups—and structural fea-
tures, particularly interlayer spacing, in influencing the electrochemical
properties of HC-based electrodes has been further evidenced. Never-
theless, results also highlight that compatibility with the electrolyte is a
key aspect that significantly affects the electrodes performance in terms
of ICE, capacity, rate capability, and cycling stability. The excellent rate
capability demonstrated by the single N-doped HC for Na*-ion storage
with a diglyme-based electrolyte comes at the cost of an unexpected
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reduction in ICE, decreasing from 73 % in NaTFSI/DMC:EC to 59 % in
NaPF¢/DGM. Furthermore, the urea-doped HC also showed the best
performance for potassium-ion storage in terms of cycling stability at
relatively high current rates when KPFg in DMC:EC was used as the
electrolyte. Despite these promising results, the necessity of some level
of mesoporosity appears to be required to further enhance its rate
capability. The observation that the same material exhibited very poor
performance when cycled with a KFSI-based electrolyte confirms the
previously-mentioned dependence on the interactions between the
electrode and the electrolyte at their interphase. Further research is
therefore needed in optimizing the electrolyte formulation.
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