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The demand for valuable and sustainable chemicals and nonfossil fuels, with
a carbon-neutral or zero-carbon footprint from zero-cost, abundant waste
streams, has garnered significant interest in recent years. This has been
driven by a global desire to transition to a circular economy, by reducing global
reliance and eventually the need for fossil-based resources. Hydrothermal
carbonization (HTC), a thermal conversion technology, is widely used to
recover carbon and energy from waste, avoiding the energy-intensive drying
process for high-moisture feedstock, and operating at lower temperatures
than conventional processes. The main product, waste-derived hydrochar
(WHC), has attracted growing interest in electrochemical energy storage (EES)
devices (e.g., rechargeable batteries and supercapacitors) due to

its straightforward process, favorable properties, high carbon conversion, and
environmental benefits. Hence, this critical review will provide the reader with
a better understanding of the principles, technical feasibility, and limitations
of carbon conversion from waste through various conversion pathways.
Moreover, it presents detailed state-of-the-art studies previously reported on

Nevertheless, their excessive use results
in a heavy reliance on fossil fuel sources,
contributing to consequences such as
exacerbating the effects of greenhouse
gas emissions and their impacts on cli-
mate change. Apart from the demand
for reducing the reliance on fossil fuels,
the ongoing issue of abundant waste
and a shortage of natural resources are
receiving considerable attention. Hence,
it is timely and appropriate to explore
newly developed energy technologies that
are environmentally friendly, ensuring
the sustainable future of human society.

Waste is widely distributed and abun-
dant in the world. For instance, roughly
10-15 billion tons of waste are generated
yearly worldwide, which are generally dis-
posed of in landfills or by direct combus-

WHC production using one-step direct carbonization (DC) and the two-step
HTC followed by DC for electrochemical energy storage applications, with a
focus on the role of WHC-based electrodes. Lastly, the challenges and

prospects for developing WHC materials for EES applications are examined.

1. Introduction

Traditional carbon materials such as graphene and carbon nan-
otubes are mainly synthesized using natural gas, a limited fossil
fuel resource.[*?] They are being widely applied as promising ma-
terials for various applications, such as energy storage devices.[>*!

tion, resulting in significant environmen-
tal pollution.®! Instead of being disposed of,
waste can serve as a zero-cost feedstock for
promoting sustainable development, and it
further saves the costs of landfill levies for
many organic waste streams, which are im-
posed in many jurisdictions worldwide. As
a carbon sink, the conversion of organic
or other industrial wastes to carbon may also potentially partic-
ipate in current and future global carbon trading schemes, fur-
ther enhancing the profitability of circular economy endeavors.
Indeed, the sustainable development of waste-derived carbona-
ceous materials has been intensively explored across a wide range
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Figure 1. Schematic structures of carbon-based materials and reported
relevant applications.

of applications (Figure 1), including rechargeable batteries, su-
percapacitors, sensing devices, and environmental remediation,
among others.l>71

The construction of rechargeable batteries (e.g., lithium- and
sodium-ion batteries (LIBs and SIBs, respectively) and super-
capacitors (SCs)) involves carbon-based materials as electrodes,
playing a crucial role in their electrochemical performance
and efficiency."3] In terms of LIBs, although graphite has
been intensively employed in commercial batteries, replacing
graphite with other low-cost carbon-based anodes is emerg-
ing due to price competition with SIBs, the tedious process
of graphite synthesis, and the need for a sustainable strat-
egy. While upcycling spent graphite from end-of-life LIBs has
been explored,!'*l the impurities in graphite after a thousand
charging and discharging cycles may require further purifica-
tion treatment, thereby increasing the production costs. Addi-
tionally, the use of impure spent graphite may compromise
the quality of the reused batteries. For SIBs anodes, carbon-
based materials (e.g., hard carbon, soft carbon, and graphite)
and non-carbon-based ones (e.g., metal alloy materials, tita-
nium compounds, organic molecules, and metal-based com-
posites) have been widely investigated and developed.!'>'] Al-
though non-carbon anodes have offered higher theoretical ca-
pacities, they have suffered from electrode swelling and a
tedious multi-step synthesis process.!'8! In contrast, carbon-
based materials derived from biomass waste are easy and in-
expensive to produce. Remarkably, their manufacturing pro-
cess can be expanded for large-scale production. Because
their structure remains largely unchanged during the inser-
tion and removal of sodium ions, the stability of the bat-
tery can be improved.'>1%2] SCs have suffered from low
energy density and high production costs. To address this,
carbon-based electrodes have been intensively studied in SCs
to enhance energy density. Specifically, synthesizing carbon-
based electrodes derived from zero-cost waste has offered a
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cost-effective solution.[''2122] Overall, the pursuit of develop-
ing waste-derived carbonaceous electrodes for next-generation
energy storage systems is both urgent and timely, owing
to their environmental advantages, low-cost production, and
sustainability.

There are several methods for converting waste into energy.
Among them, thermal conversion technologies (e.g., combus-
tion, pyrolysis, and gasification) have been widely utilized to
recover energy and carbon from waste-based feedstocks due
to their simple processes and wide availability.[?*] However,
they have faced several challenges with conventional thermal
conversion methods, including high moisture content, dry-
ing and preprocessing requirements, and high energy input.
To mitigate, several studies related to hydrothermal carboniza-
tion (HTC) have been increasingly viewed as a key solution
to enhance carbon recovery, as well as improve the efficiency
and scalability of waste-derived carbonaceous materials.l”#2+27]
HTC is one of the thermochemical processes that produces
hydrochar (WHC), as well as liquid and gaseous products.
HTC typically emphasizes its potential as a promising technol-
ogy because it offers several benefits: 1) it avoids the energy-
intensive drying process required for high-moisture feedstock;
2) its operating temperatures (below 250 °C) are much lower
than conventional thermal conversion of biomass; 3) the WHC
yield (50%) and energy recovery (80%) is high; 4) the circular
bioeconomy can be established when HTC is integrated with
anaerobic digestion to utilize the downstream liquid waste of
HTC.[25'28]

HTC has previously been shown to play a pivotal role in syn-
thesizing sustainable HC, the main product, for diverse applica-
tions due to its low cost, high carbon conversion efficiency, green-
ness, and simplicity. Notably, the introduction of the sustainable
circular economy based on WHC in electrochemical energy stor-
age devices using waste-derived carbon electrodes has led to a
growing number of studies.>3°! HTC, followed by one-step di-
rect carbonization (DC) (denoted as HTC-DC), provided a favor-
able quality of carbon-based electrodes, leading to higher capacity
and longer cycling ability than the traditional one-step DC under
identical electrochemical characterization.[?* The two-step HTC-
DC method also offers further sustainability, carbon neutrality,
and higher carbon recovery compared to the one-step DC.[??] Ad-
ditionally, the fibrous porous carbon network is formed in HTC-
DC, while this observation was not found in DC.B A cascaded
HTC-DC also promotes pore enlargement and the creation of
nanosphere domains, enhancing the electrochemical reversible
capacity.3?!

This review systematically provides a comprehensive overview
of waste-derived carbonaceous electrodes used in emerging
applications such as rechargeable metal-ion batteries and su-
percapacitors (SCs). It covers the applications of recharge-
able batteries (e.g., LIBs and SIBs) and SCs through one-step
DC and two-step HTC-DC processes. The review also exam-
ines the advantages and disadvantages of the two-step path-
way, with particular focus on the role of HTC, which has
been less explored in the literature. Finally, it discusses op-
portunities, challenges, and strategies for improving carbon
electrode materials in energy storage devices, supporting the
move toward large-scale commercialization of waste-heat carbon
(WHC).

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. a) The objectives and potential applications of biomass HTC. Reproduced with permission.3] Copyright 2025, American Chemical Society.
b) Simplified reaction pathway of glucose transformation into HTC hydrochar.3%3¢] (c) Proposed formation pathways of lignin-derived hydrochar HTC.

Reproduced with permission.[3*] Copyright 2025, American Chemical Society.

2. Hydrothermal Carbonization

2.1. Fundamentals and Reaction Mechanisms

The HTC process has been widely used to transform either
high-moisture-containing feedstocks (e.g., sludge and municipal
waste) or low-moisture ones (e.g., lignocellulosic biomass) into
homogeneous carbon-rich material (known as WHC), aqueous
compounds, and gaseous streams (mainly CO,).**l WHC (or hy-
drochar, as shown in Figure 2a) has multiple applications, includ-
ing soil amendment, adsorbent for mitigating pollutants, carbon
sequestration as biochar, and as a fuel source. The emission of
gases, such as CO,, NO, !~ etc., re-enter the carbon cycle, where
they are utilized by plants for photosynthesis, contributing to
biomass growth.

Essentially, the optimized WHC yield depends on the choice of
the feedstock, temperature, residence time, and the feedstock-to-
water ratio.[?”:38] The feedstock composition (e.g., lignocellulosic,
sludge) influences hydrochar properties; for example, a high
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lignin content in the feedstock results in higher WHC yields.*!
The type of feedstock also influences the feedstock-to-water ra-
tio. As in earlier attempts, a ratio between 1:5 and 1:10 ensures
sufficient moisture for reactions while maintaining process effi-
ciency. For operating temperatures (typically ranging from 180
to 250 °C), higher temperatures not only enhance carbonization
yield but also potentially reduce WHC yield. The HTC yield may
be reduced if the residence time is excessive.

In HTC, water is used as the most environmentally friendly
solvent. It serves as a reactant and an effective medium for acid-
catalysed reactions, leveraging the high H* ion concentration
from subcritical water to break down biomass into smaller frac-
tions. The main reactions in HTC are hydrolysis, dehydration,
decarboxylation, polymerization, recondensation, aromatization,
and Maillard reactions.!’]

Due to the water-mediated solvent and wet feedstock, HTC
has potential for economic and energy benefits.[*’] Process wa-
ter (PW) is the by-product of the HTC process. Antonio and co-
authors found that replacing deionized water with recycled PW

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Table 1. A comparison of operating conditions and typical carbon-based
yield of various thermochemical processes.[414°]

Method Operating Temp. [°C] Residence Time Yield [%]
Fast pyrolysis 400-550 1(s) <15
Intermediate pyrolysis 600-750 10-60 (s) <20
Slow pyrolysis 300-650 >30 (min) <35
Gasification 600-900 10-20 (s) <10
Dry torrefaction 200-350 30-240 (min) 70-80
DC 600-1600 30-120 (min) <40
HTC 180-250 5-720 (min) 50-80

as an HTC solvent resulted in an eightfold increase in energy
recovery. Additionally, the carbon content and energy yield of hy-
drochar increased by ~26% and 27%, respectively.[*"!

2.2. Conversion of Waste to Carbon

Depending on the feedstock types, the desired properties of car-
bon materials, and the required applications, various production
technologies are available, such as pyrolysis, gasification, DC,
and HTC, as summarized in Table 1.

In general, it highlights the trade-offs between three pri-
mary parameters, including operating temperature (°C), resi-
dence time, and carbon yield (%), across these methods. Syn-
thetic methods (e.g., HTC, torrefaction) with moderate working
temperatures and long residence times typically yield high car-
bon content (>50%). Conversely, the yields from other meth-
ods, which operate at high temperatures and short reaction times
(e.g., pyrolysis and gasification), have been reduced, with liquid
and gaseous products being the primary outputs. While the res-
idence time of pyrolysis methods is less energy-intensive, their
yields are comparatively low. Dry torrefaction requires dried feed-
stock and an inert environment during operation. The WHC-
based torrefaction has a lower porosity and fewer functional
groups compared to the HTC-based WHC.[*¢! Compared to other
processes, the carbon conversion yield using HTC is over 50%,
which is higher than that obtained from other methods. HTC
also offers lower working temperatures.*'~**| Moreover, the en-
ergy and carbon recovery of HTC is far better than others since
the drying step is avoidable and the liquid by-product can be
recycled for anaerobic digestion and soil amendment.[*”]

3. The Role of Waste Hydrochar-Based Electrodes
in Electrochemical Energy Storage

While WHC-based electrodes have been studied in other battery
chemistries, such as lithium-sulfurl®! and lithium-selenium
batteries,[*”) LIBs and SIBs are the focus of this review because
they are dominant technologies in high-level R&D and commer-
cial production (e.g., electric vehicles and portable electronic de-
vices). In this section, electrodes based on WHC for rechargeable
Dbatteries (e.g., LIBs and SIBs) and supercapacitors will be the fo-
cus. Figure 3 illustrates the number of research articles where
carbon-based electrodes have been used in LIBs, SIBs, and SCs
from 2015 to 2024. Overall, research articles for all devices were
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relatively few before 2018. Since then, there has been a notable
increase across all categories, especially in SCs. Interest in SC
studies continued to grow until 2020. By 2022, research on SIBs
had become prominent, surpassing both SCs and LIBs. This is
consistent with the expansion plans for SIBs by leading battery
manufacturers from 2023.15%) Moreover, the significantly increas-
ing demand for lower-cost and safer battery technologies is lead-
ing to a potential shift in research priorities toward SIBs.[**] Ad-
ditionally, there has been considerable advancement in upcycling
biomass waste into sustainable battery technologies.[1%4451]

3.1. lon Storage Mechanism in Waste-Derived Hard Carbon

Prior to reviewing the state-of-the-art literature on HTC applica-
tions for EES, a brief discussion of the electrochemical storage
mechanism of alkali-metal ions (e.g., Na*, K*, and Li*) in WHC
is provided. Even though this has been investigated intensively,
storing these ions in hard carbon has become a topic of debate
due to the variation in WHC structures (e.g., diverse precursors,
micropore size, defect sites, residual heteroatoms, and so on) and
electrochemical testing conditions.[52-58

In general, alkali-metal ions can be hosted by the expanded,
parallel, and curved layers of the graphitic structures in WHC
(see Figure 4).1°°) Depending on the ionic radius (e.g., K* (2.27 A)
> Na* (1.86 A) > Li* (1.52 A)),[% the (002) interlayer spacing
of WHC, the stable formation of the intercalation (after these
ions are accommodated in graphitic layers), and the resulting
device capacity and cycling stability vary. The insertion of Li*
ions in WHC structures forms a stable Li-intercalated graphite
(LiC¢). In terms of Na* ions, their intercalation results in two
Na-intercalated graphite compounds: NaC, and NaCg, which are
thermodynamically unstable. Meanwhile, even though only K-
intercalated graphite is established, the K* intercalation has suf-
fered because of its largest radius.[®) Since this review focuses
on LIBs and SIBs, the chemistry of KIBs is not described.
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Figure 3. The number of research articles (English version, excluding re-
views and conference papers) focusing on carbon-based electrodes for

lithium-ion batteries (LIBs), sodium-ion batteries (SIBs), and Supercapac-
itors (SCs) (SCOPUS accessed on May 2025).
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Figure 4. The electrochemical storage routes in WHC of a) Li+ ions, b) Na+ ions, and c) K+ ions. Reproduced with permission.[**] Copyright 2021,

Wiley.

3.1.1. Li-Storage Chemistry

The primary storage mechanism of Li+ ions in WHC remains
a subject of ongoing debate. Based on the recent reviews, the
following mechanisms are proposed for the Li accommoda-
tion in WHC: i) Li* intercalation, ii) surface chemisorption-bulk
chemisorption, iii) adsorption-intercalation, and iv) adsorption-
intercalation and Li plating,®%5%61 which can be summarized as
follows:

® Li* intercalation: The intercalated Li* ions are stored in either
closed-pore structures (possessing smaller diameters less than
<6 A) or the graphitic lattice domains.

e Surface chemisorption-bulk chemisorption: The diffusion of
surface chemisorbed Lit* ions into inner WHC structures by
the concentration gradient. After that, the bulk chemisorp-
tion is induced on the pore surface with a diameter larger
than the critical size (e.g., greater than 6 A). The inter-
calation takes place when the pore surface has a smaller
diameter.

® Adsorption-intercalation: The interaction occurs between Li*
ions and the graphene layers, whereas the adsorption appears
on the surface/defects.

® Adsorption-intercalation and Li plating: The accommodation
of Li+ ions intercalated in the pseudo graphitic areas, leading
to the formation of Li plating as the film under the solid elec-
trolyte interphase (SEI) layer. Then, the dendrites are formed
during the reactions in Li plating.

3.1.2. Na-Storage Chemistry
There are two voltage slope regions, which result in four dis-
tinct categories of the proposed Na* insertion/extraction, namely,

intercalation filling, adsorption intercalation, adsorption filling,
and adsorption intercalation filling (Figure 5).52%35861] The key
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concepts are summarized briefly as follows:

® Intercalation filling: Initially, the insertion of Na+ ions among
the graphite layers occurs in the high-voltage (>0.1 V)
slope region. Consequently, in the low voltage (~0-0.1 V)
plateau region, the ion adsorption filled in the carbon mi-
crospores is formed by chaotic stacking of pseudographitic
domains.

® Adsorption intercalation: The adsorption of Na* ions occurs
first on the defect sites of the carbon surface in the slope re-
gion. Then, these ions are inserted into the graphitic planes in
the plateau region.

e Adsorption filling: The Na* ions are sodiated into the edge
of carbon layers and nanovoids of hard carbon anodes. This
mechanism is associated with the fast charging of SIBs using
hard carbon anodes.

® Adsorption intercalation filling: In the slope capacity (>0.2 V)
area, the Na' ions are adsorbed at the edges of chaotic
stacked pseudographitic planes and defect locations in car-
bon structures. Meanwhile, the plateau capacity is divided into
two regions. The Na* ions intercalated into pseudographitic
planes occur in the first region (~0.2-0.05 V), whereas these
ions fill in the closed-pore structures in the second one
(<0.05 V).

3.2. Rechargeable Batteries

The hard carbons obtained after carbonization show a more
porous structure compared to the original waste feedstock. Nev-
ertheless, their structural features do not align with the require-
ments of electrodes for EES devices, which essentially require fur-
ther porous structures and larger surface areas. Hence, the DC is
usually conducted after the HTC. The literature review is based
on the comparison between one-step DC and two-step HTC-DC,
as shown in Figure 6.

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 5. A summary of four different categories of Na* ion storage mechanisms in waste-derived hard carbon. Reproduced with permission.[>3]

Copyright 2025, Wiley.

3.2.1. Lithium-lon Batteries

The commercial LIB configurations have many layers, as illus-
trated in Figure 7a.[%2) Among them, the anode plays a critical
role in determining the price and capacity (such as energy den-
sity) of a cell.[®?) As shown in Figure 7b, anode materials in-
clude graphite, non-graphitizable carbon, and graphitizable car-
bon. Graphite has been widely fabricated as an anode in com-
mercial LIBs for electric vehicles and portable electronic devices.
In general, graphite production involves heating petroleum coke
at extremely high temperatures (>2000 °C) for a prolonged res-
idence time, which requires high energy consumption. This re-
sults in a costly synthesis process, while also contributing to a
large carbon footprint and posing a significant environmental
threat.[1#63-1 Therefore, apart from recycling spent graphite
from end-of-life LIBs,!*] replacing traditional synthetic graphite

WASTE S

Tube furnace

Autoclave

Tube furnace
One-step DC } WHC-1 | WHC-based
electrode

with non-graphitizable- and graphitizable carbon materials based
on non-fossil resources, such as WHC from waste, is emerging
as an eco-friendly methodology. HTC has played a critical role
in the production of graphitic WHC anodes for LIBs.[®®] WHC-
derived anodes for LIBs from previous attempts are tabulated in
Table 2. There has been very little research into the comparison
between HTC-DC and DC with the aim of WHC electrodes of
LIBs.

The abundant waste of hazelnut shells has been studied for
various renewable applications, such as WHC-based anode ma-
terials for LIBs via the HTC process.|®” %] Compared to the absent
HTC-based WHC, the one produced with HTC exhibits a smaller
O/Cratio, as well as a larger surface area and graphitization struc-
ture, which is beneficial for lithium battery performance.[®®! An-
other well-known waste is rice husk, which is abundantly avail-
able in rice-producing countries (e.g., Vietnam, China, India).

Coincell — (-
Separator ———» | 9

Counter =3
electrode — | &
o

Coincell — &

Figure 6. Schematic diagram of the comparison between DC and HTC-DC methods.
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Figure 7. a) A configuration of lithium-ion batteries; b) Structure of carbon-based anodes for LIBs. Reproduced with permission.[52] Copyright 2025,

Wiley.

Thanks to its high silica content, this important by-product has
been widely used as an anode for LIBs.”3] Wang et al. produced
carbon-silica electrodes through DC% and the combination of
HTC and DC.P*! The author investigated that the formation of
fibrous-like mesoporous carbon by the conversion of the remain-
ing cellulose through HTC may be attributed to the greater ca-
pacity (396 mAh g!) of the anode produced through the HTC-
DC process*! compared to that of non-HTC-produced anodes
(325 mAh g™!) (see Figure 8.7

Uniform lignin-based carbon microspheres were formed us-
ing the HTC-DC.[’!l As an anode in a lithium half-cell configu-

ration, its reversible capacity was 180.6 mA g~! with an ICE of
52.8%. After a 100-cycle cycling stability test, the device retained
98% of the initial capacity. When the carbonization increased, the
electrochemical performance reduced. The author claimed that
the reduced interlayer distance was observed at higher carboniza-
tion operating temperatures, impeding the insertion of Li ions
and, as a result, the discharge capacity was adversely affected.
In another effort, the as-synthesized corn straw-derived anodes
formed unique spherical and cross-linked structures due to the
hydrothermal conditions, resulting in a capacity of 577 mAh g
in Li devices.l”?!

Table 2. A summary of half-cell LIBs performance using HC-based electrodes.

Feedstock Carbonized operating condition Half-cell performance Refs.
HTC (reactor type, HTC (temp., time) DC (temp., time) Electrolyte Current density Specific capacity ICE [%] Capacity Retention
solvent) [mA g™ [mAh g™ [%, cycles]
Hazelnut shells SSA 250 °C 600 °C 1 m LiPFg 372 723.66 45.64 40%, [67]
citric acid solution 7.5h 2h (EC:DMC) 100 cycles
Hazelnut shells SSA 220 °C 900 °C 1w LiPFg 10 530 44 42%, [68]
citric acid solution 12h 2h (EC:DMC) 20 cycles
Hazelnut shells SSA 220 °C 900 °C 1w LiPFg 10 1108 56 52%, [68]
citric acid solution 12h 2h (EC:DMC) 20 cycles
Glucose 0.1-L SSA 230°C 1000 °C 1™ LiPFg 30 350 [69]
Water 12h 2h (EC:DMC)
Rice husk 0.025 LTeflon-lined SSA 230°C 900 °C 1™ LiPFg 75 396 52 [37]
Water 24h 4h (EC:DMC)
Rice husk 900 °C 1™ LiPFg 74 325 53 [70]
4h (EC:DMC)
Lignin Teflon-lined SSA, HCl 230°C 900 °C 1™ LiPFg 20 180.6 52.8 98%, [71]
solution 24 h 3h (EC:DEC) 100 cycles
Corn straw SSA, 230°C 600 °C 1™ LiPFg 74.4 577 51 [72]
water 36 h - (EC:DMC)

Abbreviations: ICE, Initial Coulombic Efficiency; SSA, Stainless Steel Autoclave; LiPFg, Lithium hexafluorophosphate; EC, ethylene carbonate; DMC, dimethyl carbonate; DEC,

diethyl carbonate.
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Figure 8. a) Scheme for the production of rice husk-derived WHC and the lithium electrochemical performance of b) as-synthetic anode with HTC at a
current density of 75 mA g~'. Reproduced with permission.3l Copyright 2013, Royal Society of Chemistry. c) The lithium electrochemical performance
of the as-prepared anode without HTC at a current density of 74 mA g~'. Reproduced with permission.[’%] Copyright 2014, Royal Society of Chemistry.

3.2.2. Sodium-lon Batteries

Recent efforts on SIBs have been increasingly driven by the sig-
nificantly cheaper and higher abundance of sodium (Na) in the
Earth’s crust compared to lithium (2.3% vs 0.0017%), making
it one of the most promising alternatives for future large-scale
energy storage systems. Primarily, the electrochemical perfor-
mance of SIBs (e.g., storage capacity, cycling stability, and energy
density) heavily depends on the anode materials.”* Among all
current anodes, due to its short-range microcrystalline graphite
structure, hard carbon has drawn considerable attention for its
facile synthesis, cost-effectiveness, and excellent electrochemical
performance (e.g., low average potential, improved ICE, and high
reversible capacity). It is also the primary choice for the anode in
commercial SIBs.I”*] Importantly, these hard carbon anodes can
be synthesized from a wide range of waste feedstock (e.g., agri-
culture, biomass), leading to low cost and being environmentally
benign for SIBs.l”7>] Table 3 presents a list of previous attempts
related to the two-step WHC procedure, such as HTC followed
by the DC step. Compared to LIBs, there are more studies on the
WHC for SIBs. This is because i) the emergent bumping of low-
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cost SIBs, ii) the compatibility of WHC’s properties (e.g., porous
structure allowing Na ions’ storage) as anodes for SIBs. Mean-
while, graphite anode has been developed and commercialized
for LIBs. Additionally, numerous investigations have been con-
ducted on upcycling spent graphite for LIBs.[1#76.77]

Three different types of biomass waste (e.g., spent coffee
grounds (COFF), sunflower seed shells (SEED), and rose stems
(STEM)) were tested with and without HTC pretreatment.?’!
Compared to other as-prepared samples, WHC-derived SEED
electrodes in half-cell configuration provided excellent ICE im-
provement, specific discharge capacity, and high-capacity reten-
tion after 1000 cycles. The presence of HTC, followed by DC, in
the SEED sample led to the formation of C = O/COOH groups
in the WHC, resulting in higher C yields and enhancing the in-
corporation of O and N. They also exhibited expanded graphitic
interlayer space. These features can be attributed to higher ICE
and rate capability than as-prepared electrodes without HTC,!*’!
which is in agreement with other studies.[%%82]

To gain insight into the role of HTC in producing WHC
for sustainable EES, glucose was used as the carbon source
for hard carbon produced by HTC-DC, which was employed in
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Feedstock Operating condition Half-cell performance Refs.
HTC (reactor type, HTC (temp., time) DC (temp., time) Electrolyte Current Specific ICE [%] Capacity
solvent) density capacity Retention (%,
[mAg']  [mAhg]™! cycles)
Spent coffee ground SSA 250 °C 1200 °C 1M NaPFg 24.8 210 30 78.46%, 500 [29]
24 h 2h (EC:DMCQ) cycles
- - 1200 °C 24.8 200 34 -
2h
Sunflower seed shells SSA 250 °C 1200 °C 24.8 290 76 86.05%, 500 [29]
24 h 2h cycles
- - 1200 °C 24.8 190 50 -
2h
Rose stems SSA 250 °C 1200 °C 24.8 240 50 84.95%, 500 [29]
24h 2h cycles
- - 1200 °C 24.8 180 40 -
2h
Corn cob 0.3-L SSA 250 °C 1200 °C 1 ™M NaPFg (EC:DMC) 24.8 268.54 73.49 [78]
24 h 2h
- - 1200 °C 24.8 265.17 43.39
2h
Grape seed 0.3-L autoclave 250 °C 1200 °C 24.8 24494 60.25 [78]
24 h 2h
Grape seed - - 1200 °C 24.8 158.42 66.47
2h
River driftwood 2 L high-pressure 200 °C 1400 °C 1M NaPFg 37.2 300 83 98%, [47]
reactor 12h 1h (EC:DMC:FEC) 100 cycles
Switchgrass 0.6-L SSR 220°C 1600 °C 1M NaOTf 100 313.4 84.8 98.4%, [24]
DI H,0 12h 2h (DGM) 100 cycles
- - 1600 °C 100 235.5 75.91 31%,
2h 100 cycles
Shaddock peel 0.12-L Teflon-lined 180 °C 600 °C 1M NaClO, 50 287.3 57 93.8%, 500 [79]
SSA, H,SO, 24 h 3h (EC:DEC) cycles
Sucrose SSA 190 °C 1600 °C 30 220 83 93%, [80]
2h 100 cycles
Glucose SS jacket 200 °C 1300 °C 1M NaClo, 30 347.4 85 73.1%, [7]
2h 2h (EC:DMC) 300 cycles
Carbolite STF - 1300 °C 30 261.3 85 0%, [71
furnace 2h 300 cycles
Glucose 0.2-L autoclave 200 °C 1500 °C 1™ NaPFg 30 293 85 - [871]
reactor vessel 12h 2h (EC:DMC)
Glucose - 230°C 1500 °C 1M NaPF (EC:DMC) 30 340 86.9 [69]
12h 2h
Corn stalk powder 0.1-L PTFE-lined 160 °C 1000 °C 1M NaOTf 60 270 60 97%, [82]
autoclave 24 h Th (DGM) 100 cycles
. . 1000 °C 60 233.4 58.4 97%, 82]
Th 100 cycles
Vine shoots 0.1-L PTFE-lined 180 °C 1000 °C 1M NaTFSI 100 236 79.4 77%, [32]
SSA, 12h 2h (EC:DMC) 250 cycles
water
0.1-L PTFE-lined 180 °C 1000 °C 1™ NaTFSI 100 205 72 92%,
SSA, 12h 2h (EC:DMC) 250 cycles
pig manure
0.1-L PTFE-lined 180 °C 1000 °C 1™ NaTFSI 100 237 71 81%,
SSA, 12h 2h (EC:DMC) 250 cycles
pig manure HCl
(Continued)
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Feedstock Operating condition Half-cell performance Refs.
HTC (reactor type, HTC (temp., time) DC (temp., time) Electrolyte Current Specific ICE [%)] Capacity
solvent) density capacity Retention (%,
[mAg]  [mAhg]™! cycles)
0.1-L PTFE-lined SSA, 180 °C 1000 °C 1™ NaPFg 100 252 73 88%,
pig manure 12 h with manure 2h (DGM) 250
HCl cy-
cles
Vine shoots 0.1-L Teflon-lined 180 °C 1000 °C 1™ NaTFSI 100 246 71 - [83]
SSA, water 12h 2h (EC:DMCQ)
0.1-L Teflon-lined 180 °C 1000 °C 1™ NaPF; (DGM) 100 215 69 90%, 250
SSA, water 12h 2h cycles
0.1-L Teflon-lined 180 °C 1000 °C 1M NaPFg (DGM) 100 283 77 86%, 250
SSA, 12h 2h cycles
HCl
0.1-L Teflon-lined 180 °C 1000 °C 1M NaPFg (DGM) 100 281 68 87%, 250
SSA, H;PO, 12h 2h cycles
Reed straw - 200 °C 1300 °C 1M NaClo, 25 372 77.03 84%, 200 [84]
24h 3h (EC:DEC) cycles
200 °C 1100 °C 1 m NacClo, 25 260 73 87%,
24 h 3h (EC:DEC) 200 cycles
Carbon dot-based 0.05-L Teflon-lined 200 °C 1300 °C 1 m NacClo, 30 302 91 96%, [85]
supernatant waste SSA, water 12h 1h (EC:DMCQ) 100 cycles
Carbon dot-based 0.05-L Teflon-lined 200 °C 1300 °C 30 178 75 82%,
solid SSA, water 12h 1h 100 cycles
Almond shells 0.15-L Teflon-lined 180 °C 1100 °C 1 m NaPF¢ (DGM) 372 3171 85.9 91%, [86]
SSA, water 24 h S5h 600 cycles
0.15-L Teflon-lined 180 °C 1100 °C 37.2 290.1 80.1 90.6%,
SSA, H,SO, 24 h 5h 600 cycles
1100 °C 37.2 263.4 80.0 80.7%,
5h 600 cycles

Abbreviations: SSA, stainless steel autoclave; SSR, stainless steel reactor; FC, full cell; ICE, Initial Coulombic Efficiency; Glucose, D-(+)-glucose, >99.5%, Sigma-Aldrich; NaOTf,
Sodium trifluoromethanesulfonate; NaTFSI, Sodium trifluoromethanesulfonimide; NaClO,, sodium percloride; NaPF, Sodium hexafluorophosphate; DMG, Diethylene glycol
dimethyl ether; DMC, dimethyl carbonate; EC, ethylene carbonate; DEC, diethyl carbonate.

different battery technologies.[®] For example, while WHC was
fabricated as anodes, the resulting reversible capacity based on
lithium-, sodium-, and potassium-ion half cells (KIBs) achieved
350, 340, and 250 mAh g, respectively. The ICEs of WHC in
LIB, SIBs, and KIBs were 51.3%, 86.9%, and 60.3%, respectively.
For further investigation, the electrochemical performance of
full cells with commercial cathodes such as LiNi, 4Co,;Mn,, O,
(NCM811) for LIBs, Na;V,(PO,); (NVP) for SIBs, and perylene-
3,4,9,10-tetracarboxylic dianhydride (PTCDA) for KIBs was con-
ducted. The Li-, Na-, and K-ion full cells delivered excellent capac-
ities of 380 mAh g' at 30 mA g1, 329 mAh g~ at 30 mA g1, and
207.9mAh g~! at 25 mA g~!, respectively. Titirici et al., found that
the HTC plays a vital role as a pretreatment step for HC prepara-
tion before the DC step. Also, HTC results in enhanced electro-
chemical performance, greater carbon yields, and reduced car-
bon emissions.”**#!] Intriguingly, another study exhibited that
the Global Warming Potentials (GWPs) generated for WHC an-
odes (HG1300) by the electricity of the HTC (0.52 kg CO,.q 1)
and subsequent DC (0.30 kg CO,,,) Was also lower than that
of anodes (DG1300) via one-step DC (1.08 kg CO, ), demon-
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strating the lower energy consumption and carbon emissions of
the two-step process.”] For the electrochemical assessment in a
sodium half-cell configuration (Figure 9), the resulting reversible
capacities of HG1300 and DG1300 were estimated to be 347.4
and 261.3 mAh g!, respectively, at a current density of 0.1 C.
Meanwhile, the cycling stability testing showed that the HG1300
cell retained 73.1% of its initial capacity, whereas the DG1300 cell
failed after 300 cycles.

Diverse agro-industrial biowaste was converted into HC us-
ing one and two carbonization steps and tested in SIBs tech-
nology. Alexander et al., converted corncob, apple pomace, olive
mill solid waste, defatted grape seed, and dried grape skin into
HC using both DC and HTC pathways.”8] The resultant half-
cell configuration showed that the discharge capacity and ICE
of corncob-derived anodes using HTC-DC were estimated to
be 268.54 mAh g™! and 73.49%, respectively. Meanwhile, the
ICE was reduced to 46.39% in the DC case, demonstrating the
positive effect of HTC. In another trial, spent coffee grounds,
sunflower seed shells, and rose stems were converted into car-
bon anodes through DC and HTC-DC. Their electrochemical

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 9. a) An overview production of glucose-based hard carbons through two different routes: i) direct carbonization at 1300 °C (namely DG1300)
and ii) coupling HTC (at 200 °C) with direct carbonization at 1300 °C (namely HG1300); b) Raman spectra and c) XRD of two produced DG 1300 and
HG1300; d—h) Electrochemical performance of DG and HG electrodes: d) The GCD curves of various samples at 0.1 C (1 C = 300 mA g~"); e) The
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license.l”] Copyright 2022, Elsevier.

behavior was further assessed in sodium half-cells. Based on
the galvanostatic charge-discharge (GCD) curves, the reversible
discharge capacity of sunflower seed shells-based anode synthe-
sized via the HTC-DC processes was found to be 290 mAh g1,
which was higher than that of the produced anode using only
DC step (190 mAh g!). The result provided valuable insights
into effectively utilizing HTC-DC for sustainable SIBs from
abundant biowaste resources. In another study, the produced
WHC derived from river driftwood using HTC-DC was employed
for the SIB anode. The maximum reversible capacity and ICE
reached 300 mAh g~! and 83%, respectively.[*’] Another interest-
ing WHC is reed straw. Its resultant data showed an impressively
high reversible capacity of 372.0 mAh g~! with excellent ICE of
77.03%.[84]

Recently, an investigation into switchgrass-derived hard car-
bon anodes for SIBs demonstrated that HTC played an effec-
tive role in increasing the ICE and reversible specific capacity
(see Figure 10).1241 After two-step HTC-DC processes, the half-
cell electrochemical performance achieved a high reversible ca-
pacity of 313.4 mAh g~' with a promising ICE of 84.8% and ex-
ceptional cycling stability (retained 98.4% of initial capacity af-
ter 100 cycles). Meanwhile, the resultant device produced a hard
carbon-based anode without the HTC step, revealing a signif-
icantly lower capacity (235.5 mAh g!), ICE (75.91%), and cy-
cling stability (31% after 100 cycles). The authors discovered that
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the main reason is that the presence of the HTC step efficiently
eliminates impurities and hemicellulose in switchgrass waste,
thereby reducing the surface area and improving the prestabi-
lization of the as-prepared hard carbon before the DC step. This
limits the SEI formation, resulting in outstanding device perfor-
mance. The full cell was fabricated and delivered a specific ca-
pacity of 99 mAh g! with a capacity retention of 78% after 100
cycles.

The usually ignored carbon-based waste in the supernatant
of HTC was also a promising anode for SIBs.®] In this study,
both carbon in the liquid and solid phases, after separation in
the HTC process, were carbonized at different temperatures to
produce carbon-based anodes. In the half-cell configuration, the
resultant device of carbon waste-based anode delivered a specific
capacity of 302 mAh g~! with the ICE of 91%, which was superior
to those of the conventional solid HC anode (178 mAh g! and
75%, respectively) under identical conditions. The author found
that more ordered structures, fewer defects, and a lower surface
area of the carbon waste resulted in a significant improvement in
capacity and ICE. The research also demonstrated that wet waste
can be effectively converted into carbon materials using the HTC
method.

Solvents have a significant effect on the HTC process, particu-
larly in terms of WHC properties for SIBs applications. Recently,
various WHCs with diverse surface areas and pore sizes from
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Figure 10. a) An overview scheme of the synthesis routes of switchgrass-derived hard carbons; b-e) Electrochemical performance: b) second cycle of
galvanostatic charge/discharge (GCD) curves of HC-SG, HC-HT160, HC-HT190, and HC-HT220 at 0.1 A g~ within the potential range of 0.001-3 V
versus Na/Na*; c) cycling performance at 0.1 A g~', of HC-SG and HC-HT220 after 100 charging—discharging cycles; d) rate performance of HC-SG,
HC-HT160, HC-HT190, and HC-HT220 at the current densities of 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 A g~! for 5 cycles each; e) GCD curves of the
pre-sodiated full-cell battery using the HC-HT220 anode at 0.1 A g’1 after 1, 10, 50, 100, and 120 cycles. Reproduced under the terms of the CC-BY-4.0

license.[2#] Copyright 2024, American Chemical Society.

vine shoots were synthesized via HTC, followed by DC, using
water, pig manure, and acid solutions (e.g., HNO,, HCI, H,SO,,
and H;PO,) as shown in Figure 11a.3283] After that, those WHC
were employed as anodes for SIBs with two electrolytes (e.g.,
NaTFSI/EC: DMC and NaPF,/DGM). Among them, the anodes
derived from acid-catalyzed HTC using HCl and H,PO, (namely
HCI-1000 and H;PO,-1000) exhibited superior specific capacities
0f 280 mAh g1, accompanied by corresponding ICEs of 77% and
68%, respectively. The studies show that the acid-assisted HTC
process not only provides a mixed structure of crystalline and
amorphous nature for a high-performing WHC-based anode in
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SIBs but also promotes a sustainable EES and circular economy
model.

Very recently, Chen et al. effectively demonstrated the role of
HTC followed by DC to produce WHC-based anodes for SIBs
from almond shell waste (HY).!®¢] The comparison of anode mor-
phology and sodium storage behavior was conducted for samples
synthesized using HTC with water and H,SO, solvents (namely
HC-W and HC-A, respectively), along with the standard sam-
ple (without HTC, namely HC-P). Intriguingly, under identical
experimental conditions, the extraordinary reversible capacity of
the HC-W anode achieved 317.1 mAh g! with the ICE of 85.9%.

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 11. a) Scheme of the WHC preparation; b,c) Rate performance at various current densities in NaTFSI/EC:DMC and NaPF¢/DGM electrolytes,
respectively. (H,0-1000 (black), HCI-1000 (red), H,SO,-1000 (blue), HNO;-1000 (green), and H;PO,4-1000 (oragne)). Reproduced under the terms of
the Creative Commons Attribution-Noncommercial 3.0 Unported license.[83] Copyright 2025, Royal Society of Chemistry.

In contrast, the lower electrochemical performance was observed
for HC-A and HC-P (Figure 12h,k ]). According to ex and in situ
analysis, the larger scale of graphitization under acidic HTL was
not favorable for the electrochemical Na-ion storage. The durable
structure with a small-scale graphitic structure of HC-W (under
neutral HTL) during repeated sodium ion insertion and extrac-
tion is attributed to its excellent sodium-ion storage behavior.

3.3. Supercapacitors

In addition to battery technology, supercapacitors (SCs) play a
crucial role by offering high specific power and relatively high
specific energy.®”! Their compact size and lightweight design
make them suitable as a power source for various electronic
applications. For instance, SCs have successfully addressed the
need for high power output during short-term acceleration and
high capacity for temporary energy storage in hybrid electric
vehicles.®®) In an SC configuration, activated carbon (AC) has
been intensively utilized as electrodes, as it can be produced from
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biomass waste feedstock through economical and green two-step
synthesis approaches, such as the HTC process and subsequent
activation. The HTC enriches the carbon content and transforms
wet biomass into valuable products such as hydrochar (or WHC),
which is a promising precursor for AC electrodes.[¥%°! In this
regard, unique attributes of WHC include a low degree of con-
densation and a high density of oxygenated functional groups.
These features can be customized to create AC with high surface
areas as well as specific and desirable characteristics for SCs.[%!]
Additionally, the HTC step also lowers the production cost of
these AC electrodes from natural sources. Notably, the AC elec-
trodes, after activation from WHC, exhibited a high degree of
graphitization, thereby improving the capacitive behavior of the
supercapacitors.[®>?3] Table 4 provides a summary related to the
facile two-step AC synthesis, specifically HTC followed by an ac-
tivation step.

A study investigated electrochemical supercapacitors using
AC electrodes from non-HTC and HTC-treated Eucommia ul-
moides Olive (EUO) wood.* Compared to non-HTC-treated elec-
trodes under identical conditions, the presence of the HTC

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 12. a) Preparing almond shell-derived HC through HTC and DC; b—d) SEM images of b) HC-P, c) HC-A, and d) HC-W; e—g) TEM images of
e) HC-P, f) HC-A, and g) HC-W; h) The initial discharge/charge curves at 0.1C (1C = 372 mA g~'); k) Rate performance; (I) Stability testing for 600
cycles at 1C of HC-P, HC-A, and HC-W; Reproduced under the terms of the Creative Commons Attribution 3.0 Unported Licence.[3¢] Copyright 2025,

Royal Society of Chemistry.
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Table 4. (Continued)
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process significantly enhanced the porosity and surface chem-
istry of WHC before the chemical activation. According to XRD
and Raman characterization, the HTC-treated AC electrodes ex-
hibited high graphitization during activation, resulting in supe-
rior capacitive behavior (158 F g~!) and satisfactory long-term cy-
cling stability. This also aligns with another recent report on var-
ious pretreatment methods developed using melon peel waste as
starting precursors to produce ACs for gel-polymer electrolyte-
based SCs.) Among these pretreated samples, the resultant de-
vices using hydrothermally pre-treated AC electrodes exhibited
the best capacitance (170 F g7! at 1 A g™!) and excellent stabil-
ity (retained 85% of initial capacitance over 8000 cycles) due to
the larger surface area and an appropriate amount of micro- and
meso-porosity.

In another study, synthetic AC was made from low-cost sol-
uble starch precursor and eco-friendly potassium bicarbonate
(KHCO,) as an activating agent for SCs and SIBs applications.*!
Since the AC possessed a high graphitic feature and a high sur-
face area, the resulting SCs delivered a remarkable capacitance of
369.8 F g7! ata current density of 1 A g~!. Meanwhile, the sodium
ion half-cell displayed a reversible capacity of 210.3 mAh g~! at
0.05 A g~! with extremely low ICE (~25%). Jujun grass was used
as a carbon source through HTC using water and ionic liquid
solvents.[”] After activation, the highest specific capacitance in
electrical double-layer capacitors was estimated to be 336 F g~! at
1 A g7! for ionic liquid-based carbon, due to its large accessible
mesopores and a moderate proportion of micropores compared
to carbon electrodes prepared using carbon because they possess
large accessible mesopores and a moderate proportion of micro-
pores in comparison to carbon electrodes prepared by water as a
solvent.

4. Challenges and Future Perspectives

Despite these promising developments, most studies remain
confined to laboratory-scale demonstrations. The diversity of
feedstocks, processing routes, and device configurations makes
it difficult to establish universal performance benchmarks. More-
over, the lack of standardized protocols for material character-
ization and electrochemical testing hinders cross-comparison
and reproducibility. However, our analysis indicates that before
WHC-based electrodes can be reliably realized at scale in LIBs,
SIBs, and SCs devices, several significant challenges must be
addressed.[12] This section discusses those critical bottlenecks
and proposes prospective directions.

4.1. Challenges to Address
4.1.1. Feedstock Variability and Product Consistency

Biomass wastes are naturally diverse in moisture content, min-
eral/ash composition, and organic fractions (e.g., cellulose,
lignin, extractives). This diversity results in different reaction
pathways during HTC, producing hydrochars with varied mor-
phologies, porosities, heteroatom contents, and electrochemi-
cal properties.l'®3! Additionally, many HTC studies use differ-
ent operational protocols (e.g., temperature, pressure, residence

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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time, biomass loading), which worsens discrepancies in re-
sults. To facilitate meaningful comparison and reproducibility,
the community should establish standard benchmarks for feed-
stock pre-characterization (proximate/ultimate analysis, ash spe-
ciation) and standardized HTC protocols (e.g., reference tem-
perature/time sets). Moreover, advanced characterization tech-
niques (e.g., Raman spectroscopy, XPS, synchrotron XRD, N, ad-
sorption, electron microscopy) should be routinely used to link
structural features (like degree of graphitization, defect density,
pore interconnectivity) with electrochemical performance (in-
cluding capacity retention and rate capability).

4.1.2. Scalability and Logistical Constraints

While HTC has been demonstrated in laboratory and pilot set-
tings, industrial deployment remains limited. Significant chal-
lenges include the dispersed and low-density distribution of
biomass sources, the high capital costs for pressurized reactors,
and the logistical expenses involved in collection, transportation,
and pre-treatment.['% A thorough systems analysis is essential.
Decentralized “mini-HTC” units near biomass sources, modu-
lar mobile reactors, or co-location with biomass processing fa-
cilities (e.g., pulp mills, municipal waste plants) could reduce
transportation burdens. Collaborative, cross-sector partnerships
among academia, industry, and government will be vital to de-
veloping feasible business models, support mechanisms, and
economies of scale.

4.1.3. Reactor Engineering and Process Integration

Most existing HTC systems operate as batch reactors, which
restrict throughput, scalability, and process control. To transi-
tion to industrial operation, continuous-flow or semi-continuous
HTC designs with in situ monitoring, including temperature,
pressure, solids concentration, and advanced control, are nec-
essary. Additionally, integrating HTC with downstream or paral-
lel processes, such as anaerobic digestion, solar-thermal heating,
wastewater treatment, or catalytic upgrading, could enhance en-
ergy efficiency and decrease operational footprint. The develop-
ment of heat recovery loops and energy integration is also crucial
to lowering net energy consumption per unit WHC.

4.1.4. By-Product Streams and Environmental Management

HTC simultaneously produces gaseous (mainly CO,, with small
amounts of CH, and CO) and aqueous by-products (organic
acids, sugars, phenolics, residual dissolved organics). Improper
disposal or treatment can negate the environmental benefits of
HTC.'%] Thorough characterization of gaseous and liquid efflu-
ents is crucial. Cleaner valorization options include CO, capture
for use in electrocatalysis or CO,-conversion batteries, as well as
aqueous organics serving as feedstock for biogas production, fer-
mentation, or chemical extraction.['%] Recycling or recirculating
process water, after selective purification, can significantly reduce
freshwater use. Reuse strategies must consider the accumulation
of inhibitory species or salts over time.
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4.1.5. Techno-Economic and Life Cycle Evaluation

Many studies focus heavily on material synthesis and electro-
chemical metrics, while neglecting comprehensive assessments
of energy input, emissions, yield, and cost.'% To properly jus-
tify the use of WHC-based devices, each process should be sup-
ported by a detailed techno-economic analysis (TEA) and a life-
cycle assessment (LCA) in accordance with established standards
(e.g., ISO 14 040).1'%7) These analyses need to include upstream
biomass logistics, HTC operation, post-treatment, and subse-
quent recycling or disposal. Only by quantifying carbon foot-
prints, net energy yields, and cost per kilowatt-hour can the true
competitiveness of WHC electrodes be assessed.!'%”]

4.1.6. Feedstock-Tailored Optimization

Different biomass types (e.g., lignin-rich, cellulose-rich, agricul-
tural residues, algae) respond differently under HTC.[1%] The
same HTC conditions may yield suboptimal char from one feed-
stock but excellent material from another. Systematic studies to
explore parameter space (temperature, residence time, water ra-
tio, catalysts) by feedstock class are required. In this context, ma-
chine learning and modelling approaches (e.g., regression, deci-
sion trees, neural networks) can accelerate parameter tuning and
performance prediction. Recent efforts have indeed used ML to
correlate feedstock and reaction variables to hydrochar yields and
properties with high accuracy (R? > 0.88).[1%]

4.1.7. Trade-Off Between Yield and Carbonization Degree

In HTC, there is a well-known trade-off: increasing severity (tem-
perature or time) generally enhances carbonization and the de-
velopment of graphitic structure, but it results in lower solid
yields (producing more gas or liquid products).[''] This chal-
lenge complicates optimization, especially when aiming for both
high yields and strong electrochemical stability. Strategies to ad-
dress this include using catalysts or co-carbonization and co-
hydrothermal approaches (e.g., co-HTC with other waste mate-
rials) to shift reaction equilibria favorably.'!!]

4.2. Future Perspectives

To fully unlock the promise of HTC-derived WHC in sustainable
energy storage, we propose the following strategic directions:

® Standardization and protocols: A working group or consor-
tium could propose minimal reporting requirements for feed-
stock properties, HTC conditions, and electrochemical testing
protocols. This level of standardization will accelerate cross-
laboratory comparability and meta-analyses.!1%!

® Biorefinery integration: HTC should be embedded in broader
biorefinery concepts.'®®l Coupling with anaerobic digestion,
catalytic upgrading, or co-conversion of aqueous effluent can
increase resource utilization and revenue streams.l"'213] For
example, aqueous phase organics might be upgraded to chem-
icals, reducing wastewater disposal burdens.

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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® Engineering of WHC: To enhance WHC performance for
LIBs, SIBs, and SCs, targeted modifications (heteroatom dop-
ing, edge functionalization, templated porosity, and composit-
ing with metal oxides or conductive nanostructures) should be
pursued.['') The aim is to tailor pore size distribution, defect
density, and surface wettability for optimal ion transport and
electron conduction.

® Digitalization and data-driven optimization: Machine-
learning, process simulation, and model-based control
can be employed to efficiently explore the multidimensional
HTC parameter space, forecast properties of WHC, and steer
adaptive operational strategies. Hybrid empirical-mechanistic
models can speed up scale-up.[1%]

® Policy and incentives: Considering the circular economy tar-
get, advocating for supportive policies such as carbon cred-
its, waste-to-energy subsidies, and procurement incentives
for green electrode materials is vital.'") Government-backed
demonstration projects and pilot plants can help bridge
the “valley of death” between lab research and industry
adoption.[116]

® Closed-loop lifecycle and recycling strategies: From the out-
set, design WHC-based devices with end-of-life recovery in
mind (e.g., retrievable carbon, electrode reuse). Combining
LCA and recycling models can ensure that the entire lifecy-
cle remains carbon-efficient and cost-effective.''’] It can also
produce novel functional materials for further applications.

5. Conclusion

HTC has become a transformative and sustainable approach for
converting biomass waste into high-quality carbon-based mate-
rials suitable for EES applications. This review critically explores
the role of WHC in LIBs, SIBs, and SCs, emphasizing the bene-
fits of HTC over traditional thermal conversion methods.

The two-step HTC followed by direct carbonization (HTC-DC)
consistently showed better results than one-step DC, including
higher carbon yields, greater porosity, customized surface func-
tionalities, and improved electrochemical performance. WHC-
based electrodes demonstrated promising specific capacities,
ICE, and cycling stabilities across different feedstocks and device
setups. Importantly, SIBs gained significantly from WHC’s struc-
tural compatibility with sodium-ion storage, making HTC-DC a
feasible option for next-generation, low-cost battery technologies.
In supercapacitor applications, HTC-derived activated carbons
achieved high surface areas and excellent capacitive properties,
with long-term cycling stability. The HTC process also offers envi-
ronmental and economic benefits, including reduced energy con-
sumption, the elimination of drying steps, and the potential for
integration with circular bioeconomy models. Despite these ad-
vances, several challenges persist, including feedstock variability,
lack of standardized processing protocols, scalability constraints,
and underutilized by-product management. Overcoming these
issues through reactor innovation, lifecycle assessments, and the
integration of hybrid systems will be vital for industrial uptake.

Overall, HTC offers a promising route to sustainable energy
storage, allowing the conversion of biomass waste into functional
materials with a lower carbon footprint. Future research should
focus on understanding mechanisms, optimizing processes, and
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validating both technologically and economically to accelerate the
transition from lab-based innovations to commercial use.
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