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Graphite, widely used in lithium-ion batteries (LIBs) due to its cycle stability 
and high conductivity, is limited by a capacity of 372 mA h g‒1 and its high 
reactivity with electrolyte components. As an alternative, nanostructured carbon 
materials like mesoporous carbon offer higher capacities due to their porous 
structures, which facilitate rapid ion transport and diffusion. This study introduces 
a sustainable and scalable synthesis method for bio-based mesoporous 
carbon derived from miscanthus × giganteus (MG), a fast-growing energy 
crop. Using cascaded hydrothermal carbonization followed by calcination, we 
produced mesoporous carbon with specific surface areas exceeding 450 m2 g‒1, 
substantially higher than the 20–80 m2 g‒1 of the original hydrochar. This 
approach avoids the chemical waste and high costs associated with traditional 
pyrolysis and chemical activation methods. The resulting material achieved 
discharge capacities of 700 mA h g‒1 at 0.5 °C, outperforming commercial 
graphite and other chemically activated carbons from similar biomass sources 
with even higher specific surface area. 
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 1 Introduction

Lithium-ion batteries (LIBs) have widespread applications in portable electronic devices 
and electric vehicles due to their advantages of high energy density and long cycle life 
(Zhao et al., 2020). Graphite is the most widely used anode material in LIBs due to its excellent 
cycle stability and electrical conductivity, but it suffers from a limited capacity of only 372 mA 
h g−1, poor rate performance, is difficult to recycle and hence insufficient for high-energy 
demands and long-range electric vehicles (Zhou et al., 2019; Li et al., 2023). Therefore, there 
is a need for new anode active materials for high-performance electrodes to be developed. 
The battery grade graphite currently used in LIBs is a mixture of natural graphite (mined 
from geographically constrained natural deposits followed by purification using a series of 
energy and chemical-intensive processes) and artificial graphite which is produced from 
sulfur-containing petroleum residues as feedstock with a low rate of production under 
intensive use of fossil energy and high CO2 emissions (Sagues et al., 2020). Graphite suffers 
from the formation and growth of the solid electrolyte interphase (SEI), whereby lithium
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ions are consumed (leading to irreversible capacity losses) and 
organic components of the electrolyte are being reduced, lithium 
fluoride(LiF) is deposited on the graphite surface as well as gases 
such as C2H6, C2H4, CO2, or hydrogen fluoride (HF) are formed, 
all of which negatively affect the battery performance (Agubra 
and Fergus 2014). It has been reported that during this process, 
the potential cell capacity decreases in the range between 18% 
and 40% (Libich et al., 2017). Although prelithiation of graphite 
has been investigated, still irreversible capacity loss was observed 
(Libich et al., 2017). It is proposed that the use of hard carbons can 
eliminate this negative effect of the SEI layer formation, because 
some of these bio-based carbons have even shown increasing 
discharge capacities over the course of cycling, which has been 
interpreted as blocked pathways opening during repeated cycling 
(Campbell et al., 2015; Luna-Lama et al., 2022). Additionally, 
these biobased carbons have attracted intense interest due to their 
good electrical conductivity, adjustable porosity and morphology, 
excellent stability as well as synergetic functional groups or self-
doping with nitrogen and oxygen species after carbonization which 
directly translates to discharge capacities higher than graphite 
(Feng et al., 2020). Processing of these biobased carbons is also 
easy compared to graphite functionalization for achieving higher 
discharge capacities (Deng et al., 2016; Al Rai and Yanilmaz 2021). 
For all carbon materials such as carbon nanotubes, graphene, or 
mesoporous carbon, high conductivity and specific surface area 
facilitate ion diffusion and lower electrical resistance (Al Rai and 
Yanilmaz 2021), leading to excellent electrochemical performance. 
It is worthwhile to mention that soft and hard carbonaceous 
materials also possess high lithium-ion storage capacity. Porous hard 
carbons have an advantage of non-directional Li pathways to the 
active material, which can lead to a better resistance to overcharge 
compared to graphite, and are compatible with the usual electrolyte 
components (Zhao et al., 2016; Wang et al., 2021).

Several synthesis routes are used to synthesize porous 
structures in carbon, which include pyrolysis, hydrothermal 
carbonization, activation (Dou et al., 2019), template-based methods 
(Gao et al., 2014) and organic gel carbonization (Zhao et al., 2020). 
Pyrolysis is the most widely used method, but the process requires 
high temperatures, which negatively affect the porosity and the 
specific surface area of the resulting porous carbons. Alternatively, 
hydrothermal carbonization (HTC), an exothermal process which 
dates back to the twelfth century (Mumme et al., 2011; Funke and 
Ziegler 2010), seems to be a promising way to produce these porous 
carbons because of the mild reaction conditions, high yield, the 
possible use of wet biomass, short reaction time, and the formation 
of soluble materials as byproducts. The hydrothermal carbonization 
process begins with hydrolysis, which involves the breakdown of 
biopolymers like cellulose, hemicellulose and lignin into smaller 
molecules such as monosaccharides, acids, and furans. These 
intermediates then undergo dehydration, eliminating hydroxyl 
groups to form carbonyl and furan derivatives. Decarboxylation and 
deamination follow, releasing CO2 and NH3 gases and producing 
reactive oxygenated intermediates. These species polymerize 
and aromatize, forming a carbonaceous network with higher 
carbon content. The resulting hydrochar retains oxygen-containing 
functionalities, including carboxyl, hydroxyl, and carbonyl groups 
on the surface, and possesses a higher aromatization degree than 

the original biomass, making it a good candidate for energy storage 
(Gu et al., 2015; Li et al., 2016; Yu et al., 2015).

Hydrothermal carbons (HC), commonly classified as hard 
carbons, are actually synthesized using renewable carbon precursor 
sources in an easy, cost-effective process. A wide range of natural 
carbon-rich organic materials such as such as jute fibers, bamboo 
wood (Gu et al., 2015), bamboo char (Li et al., 2016; Tian et al., 2020), 
microalgae (Ru et al., 2016), rice husk (Ding et al., 2013; 
Wang et al., 2013), sisal fibers (Yu et al., 2015), reed flowers 
(Zhao et al., 2020) and peanut skin have been used as natural sources 
of HC for LIBs. Typically, after hydrothermal carbonization, the HC 
is usually chemically activated to obtain high-surface-area porous 
activated carbon. Chemical activation is mostly favored because it is 
simple and economically viable as it leads to products with higher 
density and larger specific surface area compared to products from 
physical activation (Ding et al., 2013). However, the use of chemical 
activation increases the cost of the process, in particular because 
extensive washing of the final product is required which leads to 
a large amount of wastes. Although chemically activated carbons 
synthesized through cascaded pyrolysis-chemical activation have 
shown good electrochemical performance, non-activated carbons 
(hereby referred to as calcined hydrochar) equally shows good 
electrochemical performance in LIBs.

This investigation is focused on the synthesis and 
electrochemical evaluation of a mesoporous calcined hydrochar 
derived from Miscanthus × giganteus for application as an anode 
material in LIBs. The synthesis protocol employed an HTC step, 
followed by a multi-step calcination designed to induce significant 
pore network formation. A systematic optimization of HTC 
parameters (reaction time and temperature) was conducted to 
elucidate their influence on the structural and morphological 
characteristics of the intermediate hydrochar. The electrochemical 
performance of this hydrochar was compared to that of the 
hydrochar after calcination, and to a biochar synthesized via 
a conventional pyrolysis route. While numerous biomass-
derived materials have demonstrated promising electrochemical 
performance as LIB anodes, their widespread application is often 
hindered by limitations in scalability and feedstock consistency 
(Chen et al., 2016; Chen et al., 2014). Miscanthus solves this problem 
because it can be readily collected in large areas and in relatively 
uniform quality, and is a non-edible biomass source so it does not 
compete with food sources. Mihajlović et al. (2018) investigated 
the synthesis of miscanthus hydrochar for use as solid fuel in the 
temperature range 180 °C–220 °C and found out that 220 °C was the 
optimal reaction temperature. At a 1C rate, miscanthus delivered 
an initial discharge capacity of 529 mA h/g, retaining 248 mA h/g 
after 200 cycles (Lim et al., 2020). This study presents a chemical-
free, low-energy hydrothermal carbonization–multistep calcination 
strategy for fabricating sustainable biobased anodes for lithium-ion 
batteries. By eliminating energy-intensive pyrolysis and chemical 
activation steps, the approach avoids the generation of hazardous 
chemical wastes that threaten environmental sustainability, while 
simultaneously delivering stable cycling, high specific capacity, 
and fundamental structure–property insights that provide a 
scalable design framework for next-generation lithium-ion and 
broader electrochemical energy-storage systems. To the best of our 
knowledge, this green synthesis strategy has not been previously 
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explored for the preparation of miscanthus-derived LIB active 
materials. 

2 Materials and methods

Miscanthus × giganteus (MG): was supplied by 
Landwirtschaftsbetrieb Wiedermann, Lampertswalde, Germany. 
Technical ethanol from BERKEL AHK and isopropanol from CVH 
Chemie-Vertrieb Hannover were used as supplied. Distilled water 
(purity 0.055 µS), carboxymethyl cellulose (CMC) from Dupont 
(TEXTURECEL DRT 2000 PA 09), styrene-butadiene rubber 
(SBR) (emulsifier with 40 wt.% of solids content; BM451-B, Zeon 
Corporation) and carbon black (C–NERGYTM, Super C65 from 
Imerys SA) were used. All chemicals, analytical grade or higher in 
purity, were used as received without further alteration. 

2.1 Material preparation

The as-received MG biomass was shredded in a blender followed 
by sieving at different mesh sizes to obtain three powder fractions 
in the range of < 180 µm. The shredded sample was then washed 
thoroughly with deionized water, dried at 100 °C for 12 h, and then 
stored in airtight containers for further experiments. The full process 
chain of the MG biomass-based electrode materials fabrication is 
schematically shown in Figure 1. 

2.2 Hydrothermal carbonization and 
calcination

1.8 g of ground, washed and dried MG powder with a particle 
size less than 180 µm was first dispersed into 18 mL of distilled 
water in a 20 mL glass vial, magnetically stirred for 12 h and then 
transferred into a 45 mL PTFE cup which was fitted into a steel 
autoclave system from PARR Instrument Company (USA). For a 
thorough investigation of the hydrothermal process, the reaction 
time at the target temperature ranged between 18 and 120 h and 
the reaction temperature was varied from 200, 230, 250–260 °C. 
200 °C was selected as the lowest reaction temperature because 
hemicellulose hydrolyzes at around 180 °C, with the major reaction 
part at around 200 °C, whilst cellulose does not hydrolyze below 
220 °C (Mumme et al., 2011; Wang et al., 2013). For optimization 
of the precursor concentration, the reaction temperature was fixed 
at 230 °C and the reaction time of 48 h and the solid: solvent 
ratio varied from 1:10, 1:15 to 1:20. However, for the reported 
data, the optimal solid: solvent ratio of 1:10 was used. In all these 
experiments, after the reaction, the autoclave was cooled down 
to room temperature. The obtained black solid powder was then 
separated from the remaining aqueous solution by centrifugation 
(6500 rpm for 20 min) on a Hettich Universal 320 centrifuge once 
using water and twice with ethanol as solvent, and then dried at 80 °C 
in a vacuum oven for 12 h. The yield of the obtained hydrochar was 
in the range of 45%–48%.

The hydrochar was subjected to a controlled multi-step 
calcination process within a tubular furnace (Carbolite Gero, 
Neuhausen, Germany) under a continuous nitrogen flow of 14 mL 
min−1 to maintain an inert atmosphere. The procedure comprised 
sequential thermal treatments: an initial ramp to 120 °C with an 

isothermal hold for 1 h; subsequent heating to 450 °C followed by 
an isothermal dwell for 30 min; then elevating to 650 °C with a 30-
min isothermal stage; and a final heating to 800 °C, maintained for 
2 h. The entire process was conducted at a uniform heating rate 
of 5 °C·min−1. This multi-stage calcination protocol from literature 
had been used to optimize the carbon content, while promoting 
the development of porosity and enhancing the specific surface area 
of the hydrochar, thereby improving its suitability for the targeted 
applications (Zhao et al., 2020). Afterward, the obtained product 
was washed with deionized water and dried in a vacuum dryer 
at 80 °C for 12h to yield 58% of a black fluffy powder, calcined 
hydrochar. In order to compare the effectiveness of the hydrothermal 
carbonization process, the pristine material was also subjected to this 
multistep heat treatment, washing and drying at the same conditions 
to yield 22% of the so-called biochar. The mass yield of each product 
was determined using Equation 1:

Mass yield% =
Mass of dried product

Mass of dried raw feedstock
× 100 (1)

The pore volumes were calculated in agreement with the 
literature (Cavelan and Boussafir 2022) using Equation 2:

Pore volume (cm3/g) =
amount of N2 adsorbed at P

Po
= 0.99(cm3STP/g)

647(N2 liquid volume ratio at 77K)
(2)

2.3 Physicochemical characterization and 
sample preparation

The physicochemical characterization of the pristine biomass, 
hydrochar, calcined hydrochar and biochar was done using various 
methods. A Vario Micro Cube (Helium; WLD) from ELEMENTAR 
was employed for elemental analysis of carbon, hydrogen, and 
nitrogen. The oxygen content was calculated by subtracting the 
measured C, H, N, and ash contents from a total of 100%. For 
these measurements 15 mg sample mass of hydrochar and calcined 
hydrochar powders was used. The mass yields (%) of hydrochar was 
determined by measuring the weight of miscanthus powder before 
and the product after HTC. Similarly, the weights of the material 
before and after calcination at 800 °C for 2 h were recorded to 
calculate the calcined hydrochar yield. A comparable methodology 
was applied to biochar, where the weights of the powder before 
and after calcination at 800 °C for 2 h were taken to determine 
the biochar mass yields (Equation 1). The synthesized powders 
were further used for Fourier-transform infrared spectroscopy (FT-
IR) using a VERTEX 70 device from Bruker. Thermogravimetric 
analysis was performed using a TGA/DSC1 STARe System from 
Mettler Toledo. A heating rate of 10 K min−1 from 30 °C to 950 °C 
was employed under a nitrogen atmosphere. The morphology of 
hydrochar and calcined hydrochar was determined using scanning 
electron microscopy (SEM Helios G4 CX, Thermo Fisher Scientific). 
Raman spectroscopy using a WITec alpha 300 device was done 
in order to study the chemical properties of the synthesized 
hydrochar. XPS measurements were obtained on an AXIS Supra 
system (Kratos Analytical Ltd.) using a monochromatized Al α 
X-ray source. Survey scans were acquired using a pass energy of 
160 eV. High-resolution spectra were obtained using a pass energy 
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FIGURE 1
Schematic illustration of the process chain for fabrication of biochar, hydrochar and calcined hydrochar from MG.

of 20 eV. Data analysis was performed using the CasaXPS software. 
Materials were measured as powders, prepared on scotch tape 
(electrically isolated) and charge referenced to C 1s at 284.5 eV 
for graphitic/graphene (C=C) peak. For background correction a 
Shirley function was used, while the XPS signals were fitted using 
an LA Line Shape for graphene and GL for all other components
(Biesinger 2022). 

2.4 Cell fabrication and electrochemical 
characterization

The anode electrode was fabricated via a slurry casting technique 
employing hydrochar, calcined hydrochar, or calcined biochar as 
the active material. The active carbonaceous constituents were 
homogenized with conductive carbon black. The polymeric binder 
comprising carboxymethyl cellulose (CMC) and styrene-butadiene 
rubber (SBR) was prepared in a weight ratio of 5:15 wt.%. The 
overall composition of the slurry was maintained at a weight 
ratio of 70:20:10 (active material: carbon black: binder). Initially, 
the active material and carbon black were premixed using a 
tubular mixing apparatus for 1 hour to ensure uniform dispersion. 
Subsequently, this premix was integrated into a CMC aqueous 
dispersion, which had been pre-mixed also for an hour, followed by 
further stirring for an additional hour to achieve a homogeneous 
slurry. The slurry was then cast onto copper foil substrates using 
a Zehntner coater, followed by pre-drying at 60 °C for about 
45 min prior to further drying at 80 °C for 12 h to facilitate solvent 
evaporation and binder consolidation. The resulting electrodes 
possessed an areal capacity of approximately 0.25 mA h cm−2. 
Coin cells (CR2032-type) were assembled within an argon-filled 

glovebox (H2O < 1 ppm; GS GLOVEBOX Systemtechnik GmbH, 
Germany) to ensure an inert atmosphere. The cell architecture 
comprised a lithium metal counter electrode (Li foil, 500 µm 
thickness, Goodfellow), a polypropylene separator (Celgard 2500, 
25 µm thickness, Celgard LLC), and an electrolyte consisting of 
60 µL of 1 M LiPF6 dissolved in a mixture of ethylene carbonate 
(EC) and dimethyl carbonate (DMC) in a 70:30 volume ratio
(Sigma-Aldrich, 99.9%).

The assembly involved stacking the components as follows: a top 
cover, a 1 mm spacer, a 15 mm diameter lithium refence electrode, a 
30-µL electrolyte layer, the separator, an additional 30-µL electrolyte, 
a 14 mm diameter anode, and a 0.8 mm spacer. The stack was 
secured with a wave spring, and the entire assembly was maintained 
at ambient temperature.

Electrochemical characterization was performed using a Maccor 
device, with galvanostatic charge-discharge cycling conducted 
within a potential window of 0.0–3.0 V at a current density of 
186 mA g−1. The rate capability was evaluated through a series of 
three-cycle tests at each C-rate (0.1 °C for formation, followed by 
0.5 °C, 1.0 °C, 2 °C, and 5 °C), complemented by extended cycling 
at 0.5C to assess capacity retention and stability. All tests were 
performed at a controlled temperature of 25 °C following an initial 
formation period of 12 h. Electrochemical impedance spectroscopy 
(EIS) measurements were carried out using a Biologic SP-300 
potentiostat, applying a perturbation amplitude of 10 mV over a 
frequency range from 100 kHz to 10 mHz. Cyclic voltammetry (CV) 
analyses were performed at a scan rate of 0.1 mV s−1 within a 
potential window of 0.0–3.0 V to elucidate redox processes and 
interfacial kinetics. 
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FIGURE 2
(A) Specific surface area of the obtained hydrochars determined via the Brunauer-Emmett-Teller (BET) method, (B) pore volume of the hydrochars for 
different residence times and temperatures.

3 Results and discussion

3.1 Optimization of hydrochar synthesis

Understanding and optimizing the structural and surface 
properties of hydrochar through controlled reaction parameters is 
crucial for tailoring its electrochemical performance, even when 
subsequent treatments like calcination are employed to enhance its 
suitability as an anode material in lithium-ion batteries. 

3.1.1 Effect of reaction time

After hydrothermal carbonization at various residence times and 
target temperatures, the resulting hydrochars were comprehensively 
characterized, determining their specific surface area (SSA) and 
porosity. As visible in Figures 2A,B, the reaction time significantly 
influenced both the SSA and the total pore volume possibly due to 
the slow reactions occurring in the reactor, with the effect being 
contingent on the reaction temperature since it affects the properties 
of the subcritical water (Georgiou et al., 2021).

The obtained mass yield was determined for different residence 
times and different reaction temperatures as shown in Figure 3. 
Increasing the residence time from 18 to 120 h resulted in a decrease 
in the product mass from 61% to 48% at a temperature of 200 °C. 
Conversely, at elevated reaction temperatures, the product mass 
exhibited minimal reductions: from 46% to 45% at 230 °C, from 43% 
to 42% at 250 °C, and from 40% to 39% at 260 °C. These findings 
suggest that reaction temperature plays a predominantly influential 
role on the HTC reaction. However, as shown in Table 1, the carbon 
content shows to be much higher for all samples compared to the 
pristine material, with no clear trend being visible over the reaction 
time for all investigated reaction temperatures.

The significant decrease in product mass at 200 °C with 
extended residence time can be attributed to the rapid thermal 
degradation of hemicellulose and cellulose, leading to the formation 
of volatile compounds and gasification of both biomass and 
hydrochar (Wang et al., 2018; Zhang et al., 2021). In contrast, 

FIGURE 3
Hydrochar yields for different reaction times and temperatures.

at higher temperatures (230 °C, 250 °C, and 260 °C), while some 
decomposition of hydrochar still occurs, the decrease in yield is less 
pronounced (Zhang et al., 2021). At these elevated temperatures, the 
decomposition processes become more stabilized, requiring higher 
activation energies for further breakdown, which reduces the rate of 
gasification. Thus, while temperature plays a crucial role with respect 
to the product mass, the impact of residence time is significantly 
mitigated at temperatures above 200 °C.

The SEM images presented in Figures 4A–D (i–iii) reveal 
significant morphological modifications of the synthesized 
hydrochar as a function of reaction temperature and time. At 
200 °C, increasing the reaction duration from 18 h to 72 h induces 
a transition from a smooth surface to a more wrinkled, rough 
texture, which is likely due to dehydration of the primary cell wall 
components of miscanthus. At 18 h and 200 °C, the hydrochar 
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TABLE 1 Data of the elemental analysis of hydrochar synthesized at different reaction temperatures (oC) and residence times (h) after on dry basis.

Reaction temp [oC]_ time [h] Carbon (C) Oxygen (O) Hydrogen (H) Nitrogen (N)

Pristine 47.06 46.81 5.94 0.19

200_18 77.35 9.27 13.30 0.08

200_24 58.90 35.53 5.37 0.20

200_48 63.77 31.03 5.04 0.16

200_72 66.59 28.41 4.80 0.20

200_120 67.27 27.87 4.61 0.25

230_18 69.51 25.35 4.92 0.22

230_24 71.01 23.92 4.85 0.22

230_48 74.59 20.45 4.65 0.31

230_72 68.90 26.21 4.64 0.25

230_120 69.30 25.81 4.62 0.28

250_18 71.60 23.15 4.98 0.27

250_24 72.19 22.61 4.94 0.26

250_48 73.26 21.38 4.97 0.39

250_72 73.09 21.62 4.97 0.32

250_120 73.17 21.65 4.89 0.29

260_18 69.34 25.73 4.60 0.33

260_24 74.68 20.08 4.90 0.34

260_48 69.27 25.91 4.50 0.32

260_72 70.66 24.36 4.50 0.49

260_120 74.13 20.70 4.83 0.36

predominantly displays large carbonaceous blocks with sparse 
nanospheres, indicative of initial carbonization. Prolonging the 
reaction time at this temperature results in the formation of 
additional nanospheres and an increase in SSA, reflecting enhanced 
porosity caused by exposure of pore structures, a trend that 
becomes more evident at 24 h. However, at 72 h, these features 
— wrinkles and nanospheres — disappear for higher reaction 
temperatures of 250 °C and 260 °C, likely due to agglomeration 
of the nanospheres, leading to surface deformation and a reduction 
in SSA and pore volume. This phenomenon is probably associated 
with lignin degradation, which begins near 255 °C, causing pore 
blockage and subsequent decrease in porosity, as supported by 
the observed decrease of SSA and pore volume in Figures 2A,B 
(Yu et al., 2019; Saha et al., 2019). These findings underscore the 
complex interplay between thermal treatment parameters and the 
morphological evolution of hydrochar, which critically influences 
its surface properties and potential applications.

Figure 5A shows that at reaction times of 24 and 48 h at a 
temperature of 200 °C, three characteristic but broad reflections 
at about 16°, 22°, 27° and 36° are observed. The first two 
reflections resemble those of the pristine material (fresh miscanthus 
following grinding, washing, and drying) and are attributed to the 
presence of cellulosic structures (Iβ-cellulose) (Randviir et al., 2019; 
Liu et al., 2017; Rios et al., 2020). The inorganic compounds 

present in the MG samples, predominantly silica, are identified 
as hydrated silica, exhibiting reflections in the 20°–30° 2θ range 
(Rios et al., 2020). This means that at this comparably mild 
temperature and short reaction time, the structure of the cellulose 
in miscanthus is preserved. However, as the reaction time increases 
to 72 and 120 h, cellulose degradation occurs as evidenced by the 
decrease and vanishing of the reflections at 16° and 22°. The sharp 
reflection observed at approximately 27° can be associated with the 
(002) plane of graphitic carbon domains. The gradual increase in its 
intensity with longer reaction times suggests an evolution toward a 
more ordered carbon structure, indicating a possible increase in the 
crystallinity of the hydrochar (Hamad et al., 2024).

Figure 5B presents the weight loss curves for the products of 
HTC at 200 °C after different reaction times of 18, 24, and 48 h. 
The decomposition process can be categorized into three stages: 
(1) moisture evaporation and low-boiling-point organic material 
(hemicellulose) release, (2) volatile matter decomposition, and (3) 
fixed carbon decomposition. The weight loss up to approximately 
120 °C corresponds to moisture evaporation. A shoulder observed 
near 290 °C is linked to hemicellulose degradation, while a rapid 
weight loss at about 344 °C is attributed to cellulose degradation. 
Additionally, the weight loss at about 406 °C correspond to lignin 
degradation (Zhu et al., 2019). Hydrochar synthesized at shorter 
residence times (18 and 24 h) contained higher proportions of 
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FIGURE 4
SEM images of the obtained hydrochar after hydrothermal carbonization treatment at (A) 200 °C, (B) 230 °C, (C) 250 °C and (D) 260 °C for i) 18 h, ii) 
24 h, and iii) 72 h, respectively.

hemicellulose and cellulose, which decompose into volatiles (CO, 
CO2, hydrocarbons, etc.) at lower temperatures. Consequently, their 
weight loss occurred earlier than those of hydrochar obtained after 
at longer residence times (72 and 120 h). This trend was also 
observed for the final weight loss minimum points above 400 °C. The 
thermograms indicate that the weight loss nicely shows the progress 
of the HTC reaction as evidenced by a reduction in weight loss from 
74% for 18 h, to 77% for 24 h, and down to 50% for 120 h.

Figure 5C shows the Raman spectra of hydrochar synthesized 
after various HTC reaction times. In the course of the reaction, the 
degree of ordering in the hydrochar is changed. The characteristic 
Raman peaks at 1343 cm−1 and 1595 cm−1 correspond to the D 
and G bands, representing sp3 hybridized carbon in a disordered 
state and sp2 hybridized carbon in a graphitic structure, respectively 
(Jiang et al., 2016; Lim et al., 2020). As the reaction time increases 
from 18 to 120 h, there is an initial shift from a graphitic to a 
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FIGURE 5
(A) X-ray diffractograms, (B) TGA plots, (C) Raman spectra, and (D) FTIR spectra for the products of HTC at 200 °C for different reaction times.

disordered structure, evidenced by an increasing intensity ratio 
ID/IG of the two peaks from 0.521 to 0.66. These bands indicate 
the presence of sp2 carbon atoms in benzene or condensed 
benzene rings, suggesting the presence of aromatic structures in 
the hydrochar (Sevilla and Fuertes 2009) as further supported by 
the FTIR results in Figure 5D. The FTIR spectra of the samples 
synthesized at 200 °C closely resemble those of the pristine material, 
indicating no significant chemical transformations during heat 
treatment at temperatures ≤ 200 °C. The presence of aromatic 
rings is indicated by the band at 1600 cm−1, attributed to C=C 
vibrations, while the peak at 1697 cm−1 corresponds to C=O 
stretching vibrations, which may arise from carbonyl, quinone, 
ester, or carboxyl groups (Sevilla and Fuertes 2009). The peak 
at 1035 cm−1 corresponds to C–O stretching in aryl or alkyl 
ethers formed during the depolymerization and hydrolysis of 
cellulose and hemicellulose, with intensity increasing over time 
(Major et al., 2018). The peak at 1201 cm−1 is attributed to C–O 
stretching vibrations in hydroxyl, ester, or ether groups, as well 
as O–H bending vibrations, which significantly decrease only 
after prolonged reaction times 120 h (Sevilla and Fuertes 2009). 
This decrease typically indicates the complete removal of lignin 
(Barbash et al., 2019). The peaks at 2900 cm−1 correspond to C–H 

functional groups in cellulose and increase with reaction time to 
48 h followed by decrease up to 120 h. The broad peak at 3346 cm−1 
is attributed to O–H stretching vibrations in hydroxyl or carboxyl 
groups. Its decrease relative to raw miscanthus indicates dehydration 
during hydrothermal carbonization (Sevilla and Fuertes 2009; 
Georgiou et al., 2021; Gamgoum et al., 2016). The diminishing 
intensity of these O–H peaks over time demonstrates the efficient 
removal of lignin and the occurrence of dehydration reactions in 
miscanthus (Barbash et al., 2019).

Figure 6 presents the Van Krevelen diagram displaying the 
H/C and O/C ratios from for various HTC temperatures and 
reaction times. The H/C and O/C ratios decreased from 1.087 to 
0.453 at 200 °C and 24 h to 0.817 and 0.311 at 200 °C and 120 h, 
indicating that dehydration, demethanation, and decarboxylation 
occurred with increasing reaction time. A similar trend in H/C and 
O/C atomic ratios was observed across different HTC temperature 
conditions. Moreover, it can be inferred that the hydrothermal 
carbonization of miscanthus to hydrochar primarily follows a 
dehydration process, which aligns with the existing literature 
(Zhu et al., 2019; Qadi et al., 2019). The results demonstrate that 
at a constant reaction time, the carbon content increases with 
temperature, while the oxygen content decreases.
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FIGURE 6
The Van Krevelen diagram for different residence times and reaction 
temperatures for HTC.

3.1.2 Effect of reaction temperature

The mass yield of the synthesized hydrochar, as illustrated in 
Figure 3, demonstrates a clear dependence on reaction temperature, 
with product mass e.g. decreasing from 62% at 200 °C to 41% 
at 260 °C for a reaction time of 18 h. This underscores the 
dominant effect of reaction temperature on the properties of 
miscanthus-derived hydrochar. This decrease can be attributed to 
the enhanced decomposition of hemicellulose and cellulose into 
smaller, volatile compounds (Wang et al., 2018; Zhang et al., 2021). 
The higher product mass of miscanthus hydrochar at 200 °C can 
be ascribed to the inherent stability of its structural composition 
during HTC, which promotes effective biomass conversion to 
hydrochar at this temperature. The HTC process significantly 
enhanced the yield of the carbon material after the calcination 
step, achieving a calcined hydrochar yield of approximately 
58% relative to the mass of the pristine MG, markedly higher 
than the ∼22% yield obtained from direct pyrolysis of biochar 
under equivalent heat treatment conditions. The measured C, 
H, O and N contents (Table 1) were in agreement with the 
reports of previous studies on hydrochar synthesized from MG at 
similar reaction temperatures, with the observed slight differences 
attributed to different reaction times and agroclimatic conditions 
(Georgiou et al., 2021; Zhang et al., 2021). A clear trend of 
increasing carbon content with elevated reaction temperature was 
observed, consistent with the progressive carbonization process 
(Funke and Ziegler 2010). The reduction in oxygen content with 
temperature is indicative of the dehydration and deoxygenation 
reactions characteristic of the HTC process (Qadi et al., 2019), 
and is corroborated by the decrease in the bands of oxygenated 
functional groups as evidenced by FTIR spectroscopy. In agreement 
with the established literature on HTC of biomass (Sevilla and 
Fuertes 2009b; Funke and Ziegler 2010), the nitrogen content 
of the hydrochar increased with increasing reaction temperature. 
Starting from an initial value of 0.19% in the pristine Miscanthus, 
the nitrogen content rose to 0.25% (200 °C), 0.28% (230 °C), 

0.29% (250 °C), and 0.36% (260 °C). The incorporation and/or 
enrichment of nitrogen functional groups within the hydrochar 
structure is a well-documented phenomenon in HTC and is often 
considered beneficial for various energy storage mechanisms due 
to their potential to enhance electrochemical activity and ion 
diffusion (Qadi et al., 2019).

Collectively, the elemental analysis data unequivocally 
demonstrates that increasing the reaction temperature significantly 
drives the carbonization process, leading to higher carbon content, 
a reduction in oxygenated functionalities, and an increase in 
nitrogen-containing functional groups. These findings are in 
strong agreement with the observations from FTIR analysis. This 
compositional evolution with temperature highlights the tunability 
of the hydrochar properties through precise control of the HTC 
reaction conditions. After 24 h, the higher reaction temperatures 
resulted in a decreased specific surface area, as shown in Figure 2A.

The FTIR spectra of the HTC products after 48 h of reaction 
are shown in Figure 7. Reaction temperatures above 200 °C led 
to an increase in the relative intensities of the FTIR bands 
at 1697 cm−1 and 1600 cm−1, indicating a predominance of 
carboxylic and aromatic moieties in the hydrochar, respectively. 
These unconjugated C=O groups of phenolic esters, characteristic 
of the lignin spectrum, increase with temperature due to the 
enhanced exposure of lignin following holocellulose degradation 
(Mihajlović et al., 2018; Georgiou et al., 2021). During hydrothermal 
carbonization, the content of carboxylic groups typically increases 
due to surface aromatization and polymerization of hydrochar. 
Literature indicates that the content of functional groups increases 
up to a certain reaction temperature—dependent on feedstock 
and parameters like time—after which it decreases due to thermal 
decomposition at elevated temperatures (Saha et al., 2019; Bansal 
and Goyal 2005; Sevilla and Fuertes 2009b). Additionally, the 
intensity of the band at 3346 cm−1, associated with stretching 
vibrations of functional hydroxyl (O–H) groups from hydroxyl, 
methyl, and methylene moieties in cellulose, diminishes with 
increasing temperature as was observed for an increase in reaction 
time, as cellulose degradation to smaller compounds is initiated 
around 220 °C (Georgiou et al., 2021). At temperatures above 
200 °C, the peak at 813 cm−1 likely arises from aromatic C–H 
bonds resulting from aromatization and polymerization (Sevilla 
and Fuertes 2009b). The peak at 2900 cm−1 is attributed to the 
asymmetric and symmetric stretching of methyl and methylene 
groups in microcrystalline cellulose. Above 200 °C, the intensities 
of FTIR bands characteristic of lignin — at 1600 cm−1 (aromatic 
C=C), 1451 cm−1 (C–H deformation), and 813 cm−1 (aromatic 
C–H) which are reported as signature of the aromatization of 
hydrochar — increase with rising HTC temperature, likely due to 
the degradation of hemicellulose and cellulose, resulting in a higher 
proportion of lignin (Mihajlović et al., 2018; Elmay et al., 2015; 
Gamgoum et al., 2016). The characteristic cellulose bands for 
C–O stretching at 1040 cm−1 as well as the asymmetric C–O–C 
stretching band at 1161 cm−1, are present only at 200 °C, arising 
from hemicellulose degradation, and vanish at higher temperatures 
due to cellulose degradation. The 2088 cm−1 band corresponds to 
allene groups in the aromatic rings, and its increasing intensity with 
higher reaction temperatures indicates enhanced aromaticity in the 
hydrochar (Hessien 2023; Njoku et al., 2015).
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FIGURE 7
FTIR spectra for the HTC products obtained after a reaction time of 
48 h, showing the effect of different reaction temperatures.

The diffractograms in Figure 8A indicate that after HTC at 
temperatures exceeding 200 °C, the characteristic reflections at 
15°, 22°, and 35° associated with cellulosic structures are absent, 
as cellulose degradation initiates at 220 °C (Sevilla and Fuertes 
2009; Rios et al., 2020). This indicates that, at relatively mild HTC 
temperatures of 200 °C, the hydrochar still possesses a high cellulose 
content. However, as the reaction temperature increases, a transition 
toward predominantly amorphous structures occurs. The reflection 
at 26° suggests an ordered carbon structure with a low degree of 
graphitization, consistent with the Raman spectra in Figure 6B and 
the existing literature (Huang et al., 2019). Hydrochar formation 
encompasses thermal and chemical processes — including 
dehydration, decarboxylation, and polymerization — that induce 
transitions between amorphous and semi-crystalline structural 
states. Among the biomass components, cellulose is inherently 
crystalline, whereas hemicellulose and lignin predominantly 
exist in amorphous forms. Therefore, the overall crystallinity of 
hydrochars is primarily determined by the relative content of 
crystalline cellulose in relation to amorphous constituents such 
as hemicellulose, lignin, extractives, and amorphous cellulose.

As shown in Figure 8B, hydrochar produced at temperatures of 
230, 250, and 260 °C exhibited two distinct thermal degradation 
steps: a slight mass loss step at approximately 50 °C, and strong 
mass loss over a broader temperature range centered around 420 °C. 
A notable increase in the degradation temperatures with elevated 
HTC reaction temperature was observed, suggesting enhanced 
thermal stability related to the reaction temperature and duration. 
The initial weight loss observed below 100 °C is attributable to 
moisture evaporation, while the subsequent loss starting at 260 °C 
is likely linked to the volatilization of surface-associated small 
organic compounds present in the hydrochar synthesized at 200 °C. 
With increasing reaction temperatures, the weight loss observed 
between 300 °C and 450 °C is indicative of the thermal degradation 
of low-molecular-weight organic volatiles, including hemicellulose 

and cellulose, as well as the combustion of higher-molecular-weight 
components such as lignin and fixed carbon (Zhang et al., 2021). 
These findings suggest that thermal stability increases with higher 
reaction temperatures, where the carbonization efficiency of the 
miscanthus biomass is enhanced. 

3.2 Characterization of calcined hydrochar 
and biochar

Based on the above results, the HTC conditions of 230 °C 
temperature and 48 h reaction time were chosen as the standard 
conditions for further investigation. Table 2 provides a comparison 
of the specific surface area and porosity of the hydrochar product 
under these conditions with the biochar and calcined hydrochar 
obtained after calcination at 800 °C of the MG precursor material 
and the hydrochar, respectively. The N2-BET surface area of calcined 
hydrochar was the highest amounting to 450 m2 g−1 followed by 
that of biochar with 350 m2 g−1 and the hydrochar with 40 m2 g−1. 
This is in agreement with literature because hydrochars are usually 
amorphous materials with very low microporosity. With calcination, 
the biomass loses more volatile matter leading to an increase 
in pore volume and consequently in specific surface area, which 
is in agreement with the literature. However, although both 
the biochar and calcined hydrochar were subjected to the same 
multistep calcination treatment, the calcined hydrochar developed 
a better pore network and hence higher specific surface area 
because of the already established structure introduced by the 
hydrothermal carbonization step. From Table 3, it can be observed 
that the resulting calcined hydrochar had higher carbon and 
nitrogen contents that are known to lead to better electrochemical 
performance compared to biochar. Furthermore, looking at the 
shapes of the adsorption and desorption curves in Figure 9A even a 
clearer difference between the two synthesis routes becomes evident. 
After the HTC treatment, the hydrochar and calcined hydrochar 
had type IV isotherms with the hysteresis usually associated with 
micro-mesoporous carbon. This property is useful for lithium-ion 
transport to and from the anode via adsorption and intercalation 
combination. In contrast, the biochar isotherm curve is that of type 
I with its characteristic concave shape to the P/Po axis, usually 
associated with microporous materials having narrow micropores 
(of width < 1 nm) and whose nitrogen uptake is limited by the 
accessible micropore volume rather than internal surface area.

In addition, the thermal properties of the three materials are 
compared. From the weight loss and differential weight loss of the 
biochar and calcined hydrochar (Figure 9B), it is observed that the 
calcined hydrochar had a higher moisture content compared to the 
biochar which is indicated by the weight loss up to about 180 °C, 
due to re-adsorbed water when leaving the sample under ambient 
conditions after calcination, with the higher SSA of the calcined 
hydrochar also leading to a larger adsorbed amount. Consequently, it 
can also be observed that the calcined hydrochar overall had a higher 
weight loss compared to biochar.

XPS analysis reveals a higher fraction of oxygen- and 
nitrogen-containing functional groups in the calcined hydrochar 
(9.74%) compared to biochar (8.01%), confirming that 
hydrothermal pretreatment introduces additional polar Li+ 
adsorption sites and improves electrode–electrolyte wettability 
(Shan et al., 2020; Marrocchi et al., 2024). These surface 
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FIGURE 8
(A) X-ray diffractograms of the HTC products obtained after a reaction time of 24 h, and (B) thermograms of the hydrochar powders obtained after a 
reaction time of 48 h.

TABLE 2 Physical characteristics of the hydrochar, calcined hydrochar and biochar.

HTC [oC] Calcination [oC] SBET [m2g−1] Pore volume [(∗10–2) cm3 g−1]

230 – 40.89 3.21

230 800 453.12 5.60

– 800 350.83 2.30

TABLE 3 Data of the elemental analysis of the final products compared to hydrochar on a dry basis.

Reaction temp [oC] _ time [h] Carbon (C) Oxygen (O) Hydrogen (H) Nitrogen (N)

Pristine 47.06 46.81 5.94 0.19

Hydrochar
230_48

74.59 20.45 4.65 0.31

Calcined hydrochar
800_2

91.28 6.90 1.58 0.24

Biochar
800_2

87.61 11.37 0.85 0.17

FIGURE 9
(A) Nitrogen adsorption and desorption isotherms and (B) TGA and DTG plots for the calcined hydrochar, hydrochar and biochar samples prepared at 
the chosen optimum conditions.
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FIGURE 10
Cyclic voltammetry measurements at a scanning rate of 0.1 mV s−1 for (A) the calcined hydrochar, (B) the hydrochar and (C) the biochar.

functionalities and the associated hierarchical porosity 
accelerate ion/electron transport and enable markedly enhanced 
electrochemical kinetics relative to biochar. 

3.3 Electrochemical characterization

To comprehensively assess the lithium-ion storage capabilities 
of the synthesized hydrochar, calcined hydrochar, and biochar, a 
series of electrochemical measurements were conducted. Figure 10 
shows the cyclic voltammetry (CV) curves of hydrochar, calcined 
hydrochar and biochar in five cycles tested at a scanning rate of 
0.1 mV s−1 within a voltage range of 0.0–3.0 V. A typical cyclic 
voltammetry curve of hard carbon materials was observed, whereby 
the first cycle differed considerably from the subsequent cycles 
(Luna-Lama et al., 2021; Luo et al., 2019). In the initial reduction 
cycle, cathodic peaks indicative of reversible Li-ion insertion was 
observed at 0.1 V for hydrochar, 0.01 V for calcined hydrochar, 
and 0.02 V for biochar. Additionally, moderate cathodic peaks were 
present at approximately 0.67 V and 0.42 V in the hydrochar and 
calcined hydrochar profiles, respectively, while being absent in the 
biochar data. The observed peaks can be attributed to electrolyte 
decomposition on the surface induced by the SEI formation and also 
to the irreversible insertion of lithium ions into special positions 

in the carbon structure (Luna-Lama et al., 2021; Luo et al., 2019). 
Furthermore, the fact that these peaks were moderate and consistent 
with the charge-discharge curves (no clear plateaus) indicates that 
the uptake of Li ions in the anode was a combined effect of capacitive 
and intercalation behavior (Li et al., 2022). For all the tested carbons, 
the peak disappeared in the second and subsequent cycles which 
means that it is associated with irreversible reactions. The fact that 
the charging curves overlapped with the discharge curves is an 
indicator of the stability of the structure of the carbons (Luna-
Lama et al., 2021; Luo et al., 2019) and good reversibility. In the 
region between 0.0 and 0.3 V a sharp reduction peak occurs which 
can be associated with the intercalation process of Li ions into 
the hydrothermally synthesized carbons (Luna-Lama et al., 2021; 
Luo et al., 2019). For all carbons, as seen in Figures 10A–C, there 
was an anodic peak at about 0.1 V with pronounced sharpness 
for the HTC-synthesized carbon, which is attributed to the 
deintercalation process of lithium ions from the stacked layers 
of the carbonaceous porous structure (Luna-Lama et al., 2021). 
This means that the deintercalation process was improved for the 
hydrochar as compared to the biochar. From the shape of the CV 
diagrams, it is clear that calcined hydrochar and hydrochar have a 
reversible redox mechanism while the biochar sample only shows an 
irreversible redox mechanism. The appearance of a “hump” between 
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FIGURE 11
Nyquist plots obtained from EIS measurements of the calcined 
hydrochar, biochar and hydrochar.

0.5 and 1.2 V is also more pronounced for the HTC-synthesized 
carbons, and is attributed to the adsorption desorption processes 
of the lithium ions from the carbon structure. Since the prevalence 
of both intercalation/deintercalation and adsorption/desorption of 
the lithium ions depends on the degree of graphitization, the 
porous structure and functional group and defects, it can be argued 
that HTC, which introduces a higher content of nitrogen and 
lower content of oxygenated functional groups, as well as porous 
structure with moderate specific surface areas, was key to the 
improved ion reversibility and diffusion. Furthermore, the CV area 
of calcined hydrochar was the highest followed by that of biochar 
and then hydrochar due to the more developed porous structure 
which provides a higher specific capacity. This further proves the 
importance of a calcination step after hydrothermal carbonization to 
improve the specific surface area and hence develop a more defined 
porous structure (Luna-Lama et al., 2021).

Figure 11 presents the Nyquist plots of the EIS data measured for 
anodes based on the hydrochar, calcined hydrochar and biochar. In 
all plots, the typical behavior of a single depressed semicircle from 
high to medium frequency and an inclined tail in the low-frequency 
region is visible. The first semicircle is correlated to combined effects 
of the contact between the interfaces, the electrode resistance and 
the resistance due to the SEI, given by Re, in addition to the charge 
transfer resistance at the electrode/electrolyte interface, given by Rct, 
while the tail (Warburg impedance), given by Zw, is attributed to 
the diffusion of lithium ions into the carbon electrode. The calcined 
hydrochar had the smallest diameter of the semicircles with the 
lowest Rct value of 27.7 Ω, while the hydrochar had an Rct of 120.0 Ω 
and the biochar of 92.0 Ω. The low Rct of the calcined hydrochar 
implies that this sample possessed the highest electrical conductivity 
and enables the most rapid charge transfer reaction for lithium-ion 
insertion and extraction of the three samples (Chen et al., 2014).

Figure 12 displays the galvanostatic charge-discharge profiles 
at 0.1C and 0.5C, which are characteristic of amorphous carbons, 
exhibiting a continuous voltage change without distinct plateaus 

(Li et al., 2022). In the initial cycle, the discharge capacities recorded 
for hydrochar, biochar, and calcined hydrochar were 36, 448, 
and 833 mA h g−1, respectively, revealing pronounced disparities 
between the three samples. While the initial coulombic efficiencies 
amounted to 58, 54% and 51%, after the first cycle, the CE for 
the hydrochar, biochar and calcined hydrochar increased to 89, 
93% and 90%, respectively. The markedly elevated capacity of the 
calcined hydrochar is primarily attributed to its higher specific 
surface area and porosity, which facilitate enhanced electrolyte 
contact and Li-ion accommodation. Conversely, the hydrochar 
exhibits very low reversible capacity, which can be attributed to 
its residual volatile matter, ash content and limited porosity and 
surface area (Yu et al., 2021). Notably, aside from the hydrochar, 
which demonstrated minimal capacity degradation from the initial 
to the second cycle, the samples experienced significant capacity 
loss. This phenomenon is predominantly ascribed to the formation 
and stabilization of the SEI layer, which occurs due to the 
catalytic reduction of electrolyte constituents at the electrode-
electrolyte interface. The increased specific surface area of the 
active material, coupled with the entrapment of lithium ions 
that intercalate into deep sites within the carbon matrix, results 
in a higher irreversible capacity loss. These lithium ions, which 
become deeply embedded within the carbon structure, are not fully 
recoverable during subsequent charging cycles, thus exacerbating 
capacity fade (Yu et al., 2021). Despite this high-capacity loss, 
the cells based on the biochar and the calcined hydrochar still 
exhibited substantially higher capacity than the hydrochar-based 
cell. There was no significant change to the charge/discharge 
curves after the second cycle, implying good reversibility and 
stability of all the carbon electrode materials (Wang et al., 2016; 
Wan and Xiaofang Hu 2019). As the SEI suppresses electrolyte 
decomposition, the reversible capacity stabilizes after the first 
cycle, to about 360 mA h g−1 for the biochar and about 800 mA 
h g−1 for the calcined hydrochar, revealing good reversibility 
for the anode materials. For hydrothermally synthesized carbon 
materials, analogous phenomena have been reported in the limited 
literature addressing biobased carbons (Campbell et al., 2015; Luna-
Lama et al., 2021).

The long-term cycling behavior of the different half cells is 
shown in Figure 13A. Notably, an increase in the discharge capacity 
was observed with cycling, reaching values of approximately 120 mA 
h g−1 for the hydrochar and exceeding 700 mA h g−1 for the calcined 
hydrochar after 350 cycles. For continued cycling to 500 cycles, the 
discharge capacity for the hydrochar even increases further to more 
than 200 mA h g−1, whilst for the calcined hydrochar some decrease 
to about 600 mA h g−1 is observed. This capacity augmentation has 
been attributed to an unconventional mechanism whereby the initial 
SEI film undergoes rupture, facilitating the formation of a new, 
thinner SEI layer, thereby enhancing the reversible capacity (Luna-
Lama et al., 2021). Additionally, the intrinsic nanoarchitecture and 
the increased content of nitrogen functional groups introduced 
during HTC contribute to defect formation within the carbon 
matrix, generating numerous active sites conducive to Li-ion storage 
(Román et al., 2013). This phenomenon is further rationalized by 
the progressive exposure of previously inaccessible mesopores and 
micropores, which become accessible following SEI rupture induced 
by repeated cycling (Campbell et al., 2015). Consequently, increased 
electrolyte contact enhances the electrochemical activity, leading 
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FIGURE 12
Galvanostatic charge-discharge curves for a half-cell based on (A) the hydrochar, (B) the calcined hydrochar and (C) the biochar at a C-rate of 0.1 (1st 
and 2nd cycles) and 0.5C (100th, 200th and 500th cycles).

FIGURE 13
(A) Long-term cycling data of half-cells containing anodes based on the hydrochar, biochar, and the calcined hydrochar at a C-rate of 0.5, and (B) rate 
capability test for half-cells with anodes based on the hydrochar, biochar and the calcined hydrochar at different C-Rates.

to higher specific capacities through ongoing oxidation/reduction 
processes at the anode interface. Interestingly, non-activated carbons 
have demonstrated superior specific discharge capacities over 

cycling compared to activated carbons, particularly at elevated C-
rates (Campbell et al., 2015). Also in this study, the observed 
high capacities of calcined hydrochar surpass the values reported 
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for activated carbon materials in the literature — for instance, 
those reported for chemically activated corn straw-derived carbon 
(577 mA h g−1 at 0.2 °C) (Yu et al., 2019), and banana peel-based 
carbon chemically activated with various agents such as phosphoric 
acid (272 mA h g−1 at 0.2 °C) (Luna-Lama et al., 2021). This 
underscores the efficacy of our green hydrothermal carbonization 
and calcination strategy in producing high-performance carbon 
materials for lithium-ion battery anodes, without resorting to harsh 
and environmentally detrimental chemical activation processes. It 
is also pertinent to note that samples characterized by high carbon 
content and low oxygen functionalization tend to exhibit higher 
degrees of structural order and aromaticity, which minimizes the 
extent of first-cycle irreversible capacity loss by controlling SEI 
formation.

The rate capability of anode materials is a critical parameter 
determining their practical applicability in lithium-ion batteries. As 
depicted in Figure 13B, the results reveal that increasing the C-
rate from 0.1 °C to 0.5 °C led to a decrease in discharge capacity 
from approximately 678.0 mA h g−1–569.8 mA h g−1 for calcined 
hydrochar, and from 484.1 mA h g−1–362.4 mA h g−1 for biochar. 
Subsequent escalation to 1 °C resulted in capacities of 539.3 mA 
h g−1 and 335.0 mA h g−1 for calcined hydrochar and biochar, 
respectively, while at 5 °C, capacities further declined to 494.2 mA 
h g−1 and 289.8 mA h g−1. Notably, after 15 cycles at high C-
rates, when the current density was reverted to 0.5 °C, the cells 
retained their previous capacities, with calcined hydrochar and 
biochar exhibiting a capacity resurgence to only slightly lower 
values than previously achieved, indicating potential activation 
phenomena. A similar trend was observed for the hydrochar-
based cell, albeit with capacities below the resolution scale of 
the figure.

These findings demonstrate that the calcined hydrochar 
exhibits superior capacity and rate performance compared to the 
biochar and hydrochar, and even outperforms many chemically 
activated carbons documented in the literature (see Table 4 for 
an extensive comparison). The enhanced electrochemical kinetics 
can be attributed to the high degree of structural order, coupled 
with a well-developed network of micropores and mesopores, 
which collectively facilitate rapid Li-ion transport by providing 
unobstructed pathways. 

3 Conclusion

In this study, we reported the synthesis of novel biobased 
carbon materials derived from Miscanthus × giganteus via an 
environmentally sustainable, green hydrothermal carbonization 
process. This facile, eco-friendly, and catalyst-free approach obviates 
the need for complex chemical activation procedures and hazardous 
chemical wastes. The hydrothermal carbonization was conducted 
at 230 °C, followed by calcination at 800 °C to optimize the 
physicochemical properties of the resulting hydrochar, with reaction 
temperature identified as a critical parameter influencing structure 
and porosity.

The hydrochar produced at 230 °C with a reaction time of 48 h 
exhibited a high yield of approximately 48% and favorable specific 
surface area and porosity characteristics. Characterization revealed 
a higher content of nitrogen functional groups and reduced oxygen 

functionalities, correlated with improved electrical conductivity 
and electrochemical activity. The preservation of hierarchical 
architecture and interlayer spacing likely facilitates lithium-ion 
intercalation, contributing to enhanced capacity retention and 
cycling stability.

Electrochemical evaluation of the calcined hydrochar 
demonstrated exceptional performance as an anode material for 
lithium-ion batteries, delivering a reversible capacity exceeding 
700 mA h g−1 at 0.5 C after 400 cycles, with Coulombic efficiency 
close to 100%. This performance is attributed to the favorable 
porous nanostructure, inherent self-activating elements such as 
silicon, nitrogen-containing surface functionalities, and enhanced 
electrical conductivity. Moderate specific surface area further limits 
parasitic side reactions, enabling superior cycling stability compared 
to conventional activated carbons.

Overall, this work demonstrates a cost-effective, scalable, and 
environmentally benign strategy for producing high-performance 
biomass-derived carbons from Miscanthus × giganteus, offering a 
sustainable alternative to conventional graphite for next-generation 
energy storage applications.
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