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Mechanistic insights into hydrothermal carbon
formation: from biomass to pyrolyzed carbons
with enhanced interparticle connectivity for
energy-related applications
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Hydrothermal carbonization (HTC) is widely regarded as a sustainable route for converting biomass into

carbon materials; however, the formation mechanisms of structurally diverse biomass feedstocks remain

insufficiently understood. This work systematically investigates HTC reaction pathways of both solid and liquid

products using wheat straw (second-generation biomass), wet corn gluten feed (first-generation by-product),

and sugars as model systems under varying pH, temperature, and residence time, while directly linking struc-

tural evolution of the solids to their electrochemical applicability. A key novelty is the comprehensive, quanti-

tative analysis of liquid filtrates by 1D- and 2D-NMR spectroscopy, enabling access to possible green platform

chemicals (levulinic acid, 3-hydroxypyridine, furfurals) as well as considerations regarding toxicology for down-

stream processing. 3-Hydroxypyridine derivatives form the main N-containing molecular motif in the filtrate,

likely formed via Strecker degradation of amino acids with C5-sugar-derived diketones—confirmed through

model reactions of C5 and C6 sugars with glycine. Overall, HTC as a pretreatment before pyrolysis increases

the carbon content, sp2/sp3 ratio, and bulk conductivity due to increased interparticle connectivity of sugar-

derived hydrochar, while reducing alkali contaminants (<0.1 wt%) compared to direct pyrolysis of the biomass.

As a proof of concept, selected pyrolyzed carbons are decorated with Pt nanoparticles and exhibit oxygen

reduction reaction activity, electrochemical surface area, and kinetic currents approaching those of commer-

cial Pt/C catalysts on a rotating disk electrode, indicating their potential as catalyst supports while highlighting

the surface area–conductivity trade-off that limits their applicability.

Green foundation
1. This work provides a fundamental understanding of biomass conversion pathways during hydrothermal carbonization and pyrolysis that enables the
design of more efficient, less wasteful processes, particularly those related to renewable feedstocks, energy efficiency, and waste prevention.
2. Specific green achievements using hydrothermal carbonization: novel detailed NMR analysis of HTC filtrate products enables potential valorization to sus-
tainable platform chemicals. Agricultural waste streams are utilized as renewable feedstocks. Fuel cell catalysts with electrochemical properties comparable
to petroleum-derived commercial catalysts are produced.
3. Identification of 3-hydroxypyridine and other nitrogen-containing compounds in the filtrate opens opportunities for developing catalytic processes to
convert these compounds into valuable platform chemicals, rather than treating them as waste. Research could explore additional agricultural waste streams
with high protein content to maximize waste utilization and reduce the environmental footprint. Further research could explore methods to reduce or replace
Pt loading while maintaining performance.

Introduction

The functionalization of biomass, comprising plant, animal,
and anthropogenic waste, is key to a carbon-neutral, circular
economy.1 Lignocellulosic feedstocks can exhibit a complex
structure dominated by cellulose, hemicellulose, lignin,
protein and ash requiring intensive pretreatment, but offer
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improved environmental compatibility due to their abundance
and non-food nature. Conversion techniques like hydro-
thermal carbonization (HTC),2 pyrolysis,3 and enzymatic con-
version4 are topics of research and employed industrially to
retrieve gaseous, liquid and solid products (e.g., biogas,
alcohol, and charcoal, respectively). The transformation of
cheap and available agricultural and other anthropogenic
waste into higher value carbon materials is already industrially
implemented by HTC companies5–8 and is viable if the dispo-
sal of the waste by incineration is costly or if the alternative is
environmentally harmful (open-field burning, landfilling or
the use of petroleum-based products).

During HTC, the organic matter is reformed in the presence
of subcritical water, which exhibits its maximum ionic product
at temperatures between 180 and 300 °C and under self-gener-
ated pressure, into a solid product (hydrochar) with an
increased carbon content and reformed surface chemistry.9,10

An advantage of HTC is that no energy-extensive drying is
needed, with even high moisture contents being favorable.11

During the process, components of the biomass are dis-
solved into the aqueous phase where generally hydrolysis of
the extractives, hemicellulose, and amorphous cellulose occurs
first, followed by dehydration, decarboxylation, condensation,
and polymerization, which leads to a pressure-generating gas
phase (mostly CO2), the solid hydrochar and a complex
liquid.16 Aldol condensation and ring-opening reactions of
aqueous hydroxymethylfurfural (HMF) and furfural form the
secondary solid products and define the surface morphology
of sugar-derived HTC spheres.17,18 These solids exhibit a core–
shell structure likely formed through dehydration-driven
growth, with β-linked furanic domains and arene clusters in
the core, while the surface is enriched in carboxyl and alde-
hyde groups.19,20 The liquid, the so-called biocrude, contains
sugars and sugar-derived compounds such as HMF, furfural,
phenol derivatives, and organic acids, in concentrations
depending on the reaction time and temperature.21 Molecules
such as levulinic acid,22 HMF23 and furfurals24,25 are seen as
possible candidates for further transformation into bio-based
fine chemicals. The process liquor is often analyzed by High-
Performance Liquid Chromatography (HPLC) for the quantifi-
cation of sugars/acids and Gas Chromatography coupled with
Mass Spectrometry (GC-MS) for identifying aromatic and vola-
tile degradation products, though the information on the
structural details of unknown compounds in complex mixtures
can be limited.26–28 Nuclear Magnetic Resonance (NMR) spec-
troscopy has been utilized for analysis of the main com-
ponents of biocrude and pyrolysis process liquors, since it is a
fast method for quantification and enables the structural
characterisation of unknown components directly from the
mixtures.29–33 With this work, we addressed the current lack of
detailed, pH-dependent NMR chemical shift data of biomass-
derived products found in the filtrate, which go beyond well-
known main products. Implication of the findings can be
important for the safety and also utilization of HTC process
liquors. Due to the presence of amino acids and inorganic
nitrogen salts in most biomasses, nitrogen-doped hydrochar

with both bulk and surface N-functionalities are formed via
the Maillard reactions of sugars with amino acids.34–36 The
hydrochar is often characterized by elemental analysis and
X-ray Photoelectron Spectroscopy (XPS). The filtrate is rarely
analyzed for nitrogen compounds, which are investigated in
this work using 1H–15N-HMBC experiments. With the infor-
mation gained from component analysis with NMR, we shed
light on the role of individual components of biomass (cell-
ulose, hemicellulose, lignin, starch, protein) and how HTC as
a pretreatment affects the chemical structure of the resulting
pyrolyzed carbon material (Fig. 1).

Due to the enhanced energy and mass density, hydrochar
as such is a candidate for use as a solid fuel9 and fertilizer37 in
agricultural applications. The meso- to microporous structure
of HTC-treated biomass38 can be retained during the pyrolysis
to amorphous (T < 1200 °C) or graphitic (T > 1200 °C)
carbons,39 which can serve as activated carbon in water purifi-
cation,40 electrode materials in batteries,41,42 super-
capacitors,43 and support materials for nanoparticles in fuel
cell applications.44 The functional groups on the surface of the
carbon can act as anchoring points for metal centers and par-
ticles,45 and can be tailored by adding dopants like N-sources
into the HTC process.46 To be viable for electrochemical appli-
cations such as fuel cells, carbon materials must meet high
standards to compete with petroleum-derived carbons like
carbon black. In addition to high purity and chemical stability
(low carbon corrosion), they require an optimal surface area
(meso- to macroporous morphology) and uniform dispersion
of catalyst nanoparticles (e.g., Pt/Pt alloys or non-precious
metals), which must be well stabilized to prevent agglomera-
tion or degradation.47,48 In the membrane assembly of a fuel
cell, an ionomer (e.g., Nafion) is used to enable proton transfer
to the active metal sites. Surface functional groups on the
carbon affect ionomer interaction, with optimal hydrophilicity
promoting adsorption.49 Nitrogen functionalization can
enhance acid–base interactions between N-moieties and –SO3

−

groups of Nafion.50,51 In the case of the biomass-derived
carbons, nitrogen functionalization is achieved naturally due
to the presence of amino acids. However, electrochemical per-
formance depends largely on the interplay of the aggregate
structure (catalyst building blocks where ionomer adsorbs)
and electrochemical surface area (ECSA).52 Ink formulation
strongly influences catalyst layer (CL) performance: solvent
polarity alters the agglomerate structure, with low polarity pro-
moting Nafion desorption and carbon agglomeration, and
high polarity enhancing dispersion.53 Thus, the ink compo-
sition must be tailored to the surface chemistry of the carbon
support prior to membrane electrode assembly (MEA).
Another critical factor is bulk conductivity, since CL resistance
impacts ohmic losses of the stack. Given the limited data on
annealed HTC-derived carbons compared to commercial sup-
ports such as Vulcan XC72, early-stage conductivity screening
is needed to identify suitable materials. As a proof of concept,
HTC-treated biomass with promising properties and Vulcan
XC72 were decorated with Pt nanoparticles via chemical depo-
sition and compared to a commercial Pt–carbon black catalyst.
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Their ORR activity was tested on a rotating disk electrode
(RDE) in 0.1 M HClO4. Although RDE offers only limited
insight into catalyst stability due to the very different catalysis
conditions (RDE: immersed in acidic solution, MEA: humid O2

gas),54 it remains valuable for assessing ECSA via hydrogen-
underpotential deposition (H-UPD) and ORR kinetics55 to
evaluate the feasibility of HTC-treated biomass as a Pt support
for the ORR.

Results and discussion

To compare sugar-derived HTC materials with biomass, hydro-
thermal treatments were carried out at 200 °C with different
residence times. A full description of reaction conditions is
provided in the SI. Briefly, 3.5 g of sucrose was dissolved in
30 mL of distilled water, while wet biomass samples (wet corn
gluten feed: 5 g ≈ 2 g dry mass; WS: 2.5 g ≈ 2.3 g dry mass)
were shredded into 3–6 mm flakes and immersed in 30 mL of
distilled water inside a Teflon liner. A solid hydrothermal
carbon and a liquid filtrate were obtained after reaction.

Filtrate analysis with time variation

For NMR analysis, 300 µL of the filtrate were combined with
50 µL of a maleic acid standard solution (∼20 mg mL−1) and
350 µL of D2O. Quantitative data were obtained from 1H
spectra using maleic acid as a suitable standard56 and 2D
experiments were done for structure identification. Detailed
descriptions of the NMR experimental settings to obtain quan-
titative data, errors of the method, chemical shifts of all identi-
fied molecules, and the peaks used for integration can be
found in the SI. The C and N mass balance of the HTC process
was estimated using elemental analysis and XRF of the hydro-

char and NMR analysis of soluble filtrate components (Tables
S12–14). The unaccounted fractions (here referred to as
‘losses’) are attributed to complex aqueous oligomers, such as
humins, which may remain in the hydrochar but are washed
out during filtration, or persist in solution without being indi-
vidually quantifiable by NMR. In addition, a minor fraction is
lost to the gaseous headspace, which typically accounts for
5–10% of the mass (predominantly CO2)

57,58 in HTC pro-
cesses. Overall, 20–40% of the mass (depending on process
conditions, see the SI) is likely associated with macromolecular
species that do not contribute to the solid yield. As these frac-
tions cannot be structurally resolved and the gaseous phase
was not analyzed, the calculated atom efficiencies should be
considered approximate.

Sucrose, composed of α-1,2-glycosidically linked D-glucose
and D-fructose, hydrolyzed readily under HTC conditions. After
1 h at 200 °C (excluding the heating ramp of 5 °C min−1), a
mixture of glucose and fructose anomers was detected
together with the first formation of HMF (Fig. S4 and S5;
1H–13C HSQC of the sugar isomers and HTC filtrate). The for-
mation of HMF from D-fructose is a well-known reaction and
its first-order kinetics and mechanisms have been thoughly
studied by many groups.59,60 Under acidic conditions, HMF
further reacts to form levulinic acid and formic acid, which
readily happens under HTC conditions due to the increased
ionic product of water (Scheme S1, mechanism from D-glucose
isomerization to levulinic acid). During the reaction, progress-
ive acid formation lowered the pH to ∼2, which further pro-
moted sugar dehydration and levulinic acid production.
Nevertheless, complete sucrose consumption (starting conen-
tration 4 g per 30 mL) was not achieved at 200 °C, as D-glucose
signals were still observed after 12 h. On the right-hand Y-axis
of Fig. 2a, the total concentration [mmol gbiomass

−1

Fig. 1 (a) Main macromolecular components of used biomass for HTC studies averaged from different sources12–15 and (b) overview of applied HTC
reaction conditions and analysis methods with qualitative and quantitative NMR of the liquid filtrate, providing insights into toxicity for downstream
processing and possible green platform chemicals. The HTC-treated, pyrolyzed hydrochar A is compared to a directly pyrolyzed biomass B, and the
most promising amorphous carbons are decorated with Pt nanoparticles. These biomass-derived ORR catalyst are tested for preliminary kinetic per-
formance on the RDE and compared to petroleum-sourced, commercial Pt on carbon black.
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LHTC-filtrate
−1] gives an indication of the concentration of dis-

solved molecules in solution. This parameter is directly comp-
lementary to the solid yield of hydrochar, since a lower degree
of total concentration corresponds to a higher solid yield, and
conversely, higher dissolution results in a reduced amount of
hydrochar (solid yield data in Fig. S17, S18, S20, and S22). The
gradual decrease observed after 6 h across all samples can be
attributed to the polymerization of HMF and furfural, which
progressively condense to form the solid hydrochar
residue.61,62 The filtrate analysis showed that the dissolution
behavior of biomass follows a volcano-shaped trend: initially,
hydrolyzable and soluble components leach out, after which
part of these species repolymerize to form hydrochar. After
one hour at 200 °C, short amylose chains consisting of 15
units of α-1,4-D-glucose (identified in the 1H anomeric and gly-
cosidic proton region between 5.0 and 5.5 ppm, see Fig. S6)
were observed in the filtrate of wet corn gluten feed (WCGF),
consistent with its high starch content. Shorter reaction times
are often used when sugar extraction from biomass is the
incentive; here, HMF generation and furfural generation are
seen as competing reactions.63 Wheat straw shows high dis-
solution of acetic acid, attributed to cleavable acetyl side
chains of hemicellulose, but lower sugar yields, as effective
leaching requires higher temperatures due to sugars being
bound in amorphous and crystalline cellulose embedded

within lignin and hemicellulose. Lignin and highly crystalline
cellulose decompose only partially, forming micro-sized
rounded fragments that undergo primarily solid–solid trans-
formations,64 which, together with the limited water pene-
tration through the hydrophobic lignin network, necessitates
higher decomposition temperatures and longer reaction times
compared to dissolved sugar model systems. The compo-
sitional changes of the resulting hydrochar over temperature
and time are summarized in Fig. S17, S18, S20, and S22 and
the pH changes in the filtrate are shown in Tables S8–S10.
Consistent with previous reports, the C/O ratio increases over
time for the sugar model system and sugar-rich biomass,19

threefold for sucrose and twofold for WCGF, while for wheat
straw no significant increase was detected at 200 °C, indicating
that substantial dehydration occurs only at higher tempera-
tures. After 6 h, the alkali metal concentration in biomass-
derived hydrochar decreased to below ≈0.1 wt%, and the
silicon content in wheat straw was reduced from 6 wt% to
2 wt%, which is still above acceptable levels for applications
requiring pure carbon materials. The negative consequences
on properties are discussed in the section on the pyrolyzed
carbon materials and the conclusion. Notably, the solid yield
of WCGF was already reduced to 44% after 1 h, whereas
wheat straw retained 91% of its original dry matter (Fig. S17).
The trend can be understood when looking at the total

Fig. 2 HTC time variation experiments at 200 °C of sucrose, WCGF and WS with filtrates analyzed by NMR (approx. error: 1–5%, see the SI). (a)
Molar fractions of identified molecules in % (left Y-axis) and the total molar concentration of molecules in mmol gbiomass

−1 LHTC-filtrate
−1 with 4 g of

wet biomass or sugar in 30 mL of dest. H2O (right Y-axis). (b) 1H–13C-HSQC and 1H–15N-HMBC spectra (referenced to MeNO2) of 3-hydroxypyridine
found in the WCGF filtrate after 12 h, measured at 600 MHz in H2O : D2O. (c) Proposed mechanism of furfural and ammonia (pathway 1) and
Strecker degradation (pathway 2) of diketone 4 derived from furfural to form the observed 3-hydroxypyridine.
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concentration in a different unit [mg mLHTC-filtrate
−1] (Fig. S16).

The heavy amylose chains that are dissolved, as well as the
high original water content of the WCGF (Table 1), likely lead
to better wettability and accessibility for aqueous degradation,
resulting in the high early mass loss in the solid. This can also
be seen in the onset of formation of furfural stemming from

C5 sugars present in hemicellulose. Phenolic compounds are
prominent in the filtrate after 1 h, but their concentration
decreases over time, indicating their involvement in repolymer-
ization processes that contribute to the formation of secondary
char. These early-released phenolics are likely derived from
xylan units within hemicellulose, which consist of a β-1,4-D-

Table 1 Proximate analysis adapted from ASTM D7582 Standard Test Method and elemental CHNSO analysis of used biomass (error in the SI)

Biom./wt% Fixed carbon Volatiles H2O Ash C H N S Oa

WS 24 ± 2 57 ± 4 7 ± 4 12 ± 3 45 6 0.3 0.4 39
WCGF 30 ± 2 9 ± 1 60 ± 2 1.0 ± 0.5 47 7 2 0.5 44

a Calculated by difference.

Fig. 3 (a) HTC starting pH variation experiments at different temperatures (reaction time: 12 h) of sucrose, WCGF and WS filtrates analyzed by NMR
(approx. error: 1–5%, see the SI). Mole fractions of identified molecules in % (left Y-axis) and the total concentration of molecules in mmol gbiomass

−1

LHTC-filtrate
−1 with ∼4 g of wet biomass or sugar in 30 mL of dest. H2O (right Y-axis). The pH on the X-axis refers to the starting pH, where pH 0 was

adjusted with 0.1 M HNO3 and pH 13 with 0.1 M KOH. (b) 1H-NMR spectra of sucrose filtrates after 12 h at 220 °C with different pHstart measured at
500 MHz in H2O : D2O. (c) Proposed mechanistic overview of the main components in biomass (enlarged in Scheme S9). Molecules that were ident-
ified via NMR are named in the scheme; non-observed but reasonable intermediates are marked with a number or are unnamed. Dashed arrows
imply that the product formation was observed in minor amounts.
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xylose backbone that can be acetylated or substituted with α-L-
arabinofuranose side chains. The latter may be further esteri-
fied with ferulic acid (Fig. 3c, xylan unit R1), which provides a
covalent linkage between hemicellulose and lignin in certain
plant cell wall species.65

Pyridine formation in filtrates

Interestingly, in the WCGF filtrate, over time, the production
of protonated 3-hydroxypyridine as one of the main products
can be observed (Fig. 2b, 1H–13C HSQC and 1H–15N HMBC).
Wheat straw produces small amounts of 3-hydroxypyridine as
well, but the mole fraction never exceeds 2% for the experi-
ment conditions used in this paper. Since WCGF contains
high amounts of protein (Fig. 1a) and almost 7-times higher N
wt% compared to wheat straw (Table 1), it is not surprising to
find Maillard-reaction products in the HTC process liquid.
Maillard reactions are a collection of reactions that are part of
the browning process in food and essentially consist of the
condensation of a reducing sugar with an amino acid com-
pound. 3-Hydroxypyridine could be formed by the Strecker
degradation described in Fig. 2c pathway 2 (in detail in
Scheme S4a), where the acid-catalyzed degradation product of
furfural, 1,2-diketone 4 (formation of diketones from sugars in
Schemes S1 and S2), and an amino acid form an imino
acid.34,66 After decarboxylation and upon the addition of
water, an aldehyde with the rest-chain depending on the orig-
inal amino acid and amine 5 can be formed, which can aroma-
tize to 3-hydroxypyridine. The Strecker degradation product of
the 1,2-diketone generated from C6-sugar derived HMF and an
amino acid is 3-hydroxy-6-methyl-pyridine (Scheme S3), which
can only be observed in WCGF-derived filtrates making up
between 0 and 14.5% of the N-compounds found in the solu-
tion depending on the starting pH (Tables S5 and S6).
However, twice the amount of 1-methyl-3-hydroxypyridine was
found as a by-product in the WCGF filtrates making up
20–25% of the pyridine motifs, the rest being unmethylated
3-hydroxypyridine. 1-Methyl-3-hydroxypyridine likely originates
from the condensation of the amine produced as a possible
side product (Scheme S4b), indicated by the dashed arrow in
Scheme S4a. This product would be the resulting pyridine if
glycine was present as an amino acid. Another plausible for-
mation pathway of 3-hydroxypyridine from furfural and
ammonia was previously described by Ren et al., over an
RANEY® Fe catalyst (Fig. 3c, pathway 1),67 which in the case of
acidic hydrothermal conditions could be simply Brønsted acid
catalyzed with ammonia formed by amino acid decomposition.
The 3-hydroxypyridine motifs could also be verified in this
specific filtrate by GC-MS (Fig. S13). We propose that HMF
formed by C6-sugars is more likely to oxidize to levulinic acid
and formic acid or degrade through different mechanisms,
which will be discussed in detail in the next part of the paper
(Fig. 3c, pH-dependent degradation mechanisms). To confirm
this hypothesis, model system experiments with D-xylose (C5-
sugar) and D-glucose (C6-sugar) were done by adding glycine as
an amino acid source. The filtrates of D-xylose showed a pyri-
dine-derivative concentration [mmol gbiomass

−1 LHTC-filtrate
−1]

5.5 times higher than in the D-glucose filtrates (Fig. S14).
Interestingly, for D-xylose filtrates, the molar fractions of
3-hydroxypyridine were ≈9.1% and of 1-methyl-3-hydroxypyri-
dine ≈6.7%, and additionally ≈1.6% of pyrazine could be
identified. Pyrazine is known to be formed from the Amadori
compound of sugars via recondensation of fractionated
α-amino carbonyls (Scheme S5, formation of the Amadori com-
pound).68 The D-glucose filtrates exhibit additional peaks,
assigned to the C6-expected product 6-methyl-3-hydroxypyri-
dine, which, at ≈1.6%, had the highest molar concentration of
the identified pyridines in this filtrate (Fig. S14, molecule
content summary). The model system filtrates were analyzed
by GC-MS as well (Fig. S13). Another noteworthy trend was that
the solid yield of D-xylose derived hydrochar was 5% lower and
also had 8% lower nitrogen built into its carbon matrix
(Table S7), which stresses again the need for analyzing both
the filtrate and solid product to understand the formation
mechanisms. Although the Maillard reaction encompasses
many possible reaction pathways, the 3-hydroxypyridine motif
consistently emerged as the most prominent product under
the applied range of HTC process conditions. It seems that
D-glucose undergoes other decomposition reactions that do
not lead to a heavy formation of the pyridine Strecker analog,
and builds in nitrogen more readily into its hydrochar than
D-xylose. The formation of the 3-hydroxypyridine motif has
been described before in buffered glucose–ammonia systems
in methanol,69,70 but to the best of our knowledge has not
been reported in previous HTC studies of biomass and can be
useful for deducing new bio-based platform chemicals and
also for assessing the toxicity of filtrates.

Filtrate analysis with pH variation

A pronounced difference is observed between the filtrate com-
positions of the sucrose model system and the biomass:
although sugars are leached from the biomass, little to no
levulinic acid is detected in its filtrates obtained after hydro-
thermal processing at 200 °C. Instead, large amounts of C3
and C4 acids and aldehydes can be found along with glycolic
acid and methanol likely originating from hydrolysis of meth-
oxylated side chains of lignin. The results show that one con-
tributing factor is the autocatalysis resulting from pH
reduction when sugar is readily available. For sucrose, the
initial pH drops to 3 during 6 h and to 2 during 12 h, facilitat-
ing both acid-catalyzed levulinic acid formation and polymeriz-
ation of furans into secondary char. In contrast, since sugars
must first leach from biomass, the initial pH of the filtrates
remains higher, at 4.5 and 5 after 6 h and 4 and 5 after 12 h
for WCGF and wheat straw, respectively. This higher pH allows
other non-acid-catalyzed reactions to proceed, resulting in a
more diverse molecular composition in the biomass filtrates.
To further investigate the influence of pH on the filtrate com-
position and hydrochar formation, experiments were con-
ducted at 200, 220 and 240 °C with starting pH values of 0, 7
and 13, adjusted by adding 0.1 M HNO3 or KOH to the
biomass and model system. The starting pH is the pH of the
solution before being mixed with the biomass; for sugar
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model systems, pHstart is the same as pHmixed as the pH does
not change. pHend is the pH of the filtrate after HTC (Tables
S7–S11, pH change of filtrates). Representative 1H–13C HSQC
spectra of the most challenging filtrates, biomass at initial pH
7 and sucrose at pH 13, are shown in Fig. S8–S10 to assist in
resolving overlapping peaks in the 1H NMR spectra (Fig. 3b).

It becomes clear that lowering the pH for sucrose does not
bring an advantage if one is interested in obtaining hydrochar,
because the high levulinic acid production outcompetes the
polymerization reaction and leads to lower solid yields with no
clear benefit in carbon wt% content in the hydrochar. It
should be mentioned that at 240 °C, the addition of HNO3 in
sucrose led to N-functionalization of the hydrochar (0.5 wt%;
Fig. S22), whereas in the biomass samples, the N-content
seems not to be significantly influenced by HNO3 but mainly
from original amino acid content. When looking at the influ-
ence of starting with a high pH, the content contributions
start to look similar to those of the biomass, since the fast low-
ering of pH is inhibited by buffering of OH− ions in solution;
as for the biomass, the concentration of available degrading
sugar in solution is never high enough to reach the level of
autocatalysis of non-buffered sucrose solution. The following
paragraph can be best understood in conjunction with the
mechanistic overview shown in Fig. 3c and the detailed mecha-
nisms in the SI. If a molecule is identified by NMR, it is
named in the scheme. Dashed reaction arrows imply that the
product was not found in large amounts compared to the
main products. We would like to highlight the finding of the
expected base-catalyzed degradation product with a metasac-
charinic structure (Scheme S6, pathway 3.1),71 but also
2-hydroxy-3-deoxy-aldehyde structures and their corresponding
oxidized acids, which form via hydride shift of the dihydroxy
product and elimination of the β-hydroxy group (Scheme S6,
pathway 2). Both likely stem from 3-deoxyglucosone that is
often observed as an intermediate in the case of C6-sugar
degradation. 3-Deoxyglucosone may form 2,3-dioxyglucosone-
3-ene, which can isomerize to HMF, even though it is estab-
lished that the open chain reaction to form HMF is not
favored.59 We propose that a significant portion of the high
dissolution arises because, rather than forming HMF that can
polymerize into secondary char, glucose is degraded into
2-hydroxy-3-deoxy-aldehyde structures and their corresponding
oxidized acids, while other base-catalyzed pathways also gene-
rate metasaccharinic acid structures. Many shorter-chained
forms of these product types are detected not only in biomass,
where C5 sugars are inherently present, but also in the C6
sucrose sample. This suggests that sugars undergo retro-aldol
reactions, producing glycolaldehyde and C4 erythrose or acet-
aldehyde and a C5 sugar (Scheme S7),72 which can further
degrade to yield the previously described C4 and C5 aldehydes
and acids. The other important groups of degradation pro-
ducts are C3 acids and C3 & C4 ketones and alcohols. Lactic
acid is commonly formed via C3–C4 retro-aldol cleavage (in
the case of a C6 sugar) that results in the formation of two
trioses, which can both form a diketone intermediate.66

Benzilic rearrangement leads to the formation of lactic acid

(Scheme S6, pathway 1), whereas a disproportionation via the
Cannizzaro reaction can lead to pyruvic acid and hydroxyace-
tone (Fig. 3c). If instead of the benzilic rearrangement, no
hydride transfer but a proton is added, the diketone is split
into formic acid and acetaldehyde. Another reaction pathway
that depletes HMF under basic starting conditions is its
decomposition to 3-hydroxybutan-2-one and formic acid. This
reaction could proceed similarly to the HMF-to-levulinic acid
pathway, but instead of water or a hydroxide ion attacking the
C2 atom (as in levulinic acid formation), the nucleophilic
attack occurs at the C3 atom (Scheme S8). For both low and
high starting pH, the increased formation of formic acid can
be observed due to the reactions mentioned above yielding
formic acid as a common product. Formic acid can decompose
into CO2 and water under hydrothermal conditions,73 which
leads to the self-pressurization of the HTC process. Only under
inert conditions with a noble metal catalyst, could the for-
mation of CO2 and H2 as HTC decomposition products be
observed.74 Succinic acid was detected in most filtrates,
although its formation pathway is less clear than for the other
compounds. It may originate from oxidized erythrose via a
pathway analogous to that leading to 3,4,5-trihydroxypentanoic
acid (Scheme S6, pathway 3.2). Supporting this hypothesis is
the observation of 3-hydroxy-4-oxobutanoic acid as a possible
intermediate in the filtrate of sucrose at starting pH 13
(Fig. S10, molecule 27).

Acid catalyzed formation of levulinic acid takes away the
yield from hydrochar in the case of pure sugar derived hydro-
char. In the case of biomass, it seems to assist the formation
of higher carbon containing hydrochar, bringing its carbon
content closer to the model system at starting pH 7 (Fig. S18
and S20). More biomass is hydrolyzed which leads to a higher
concentration of molecules in the filtrate but also to the for-
mation of HTC spheres which have a higher carbonization
degree due to the condensed furfural motifs. At a high starting
pH, more components leach out as well but little to no HTC
formation can be observed in the graphical morphology ana-
lysis via scanning electron microscopy (SEM) (Fig. 5a), which
matches the mechanistic analysis discussed above. A further
drawback of initiating the reaction at high pH is the retention
of potassium within the carbon matrix, even after extensive
washing. Achieving a pure carbon material therefore required
washing the hydrochar with twice the volume of water com-
pared to samples prepared at pH 0 and 7.

Increasing the HTC temperature leads to a carbon product
with a higher degree of aromatization.75 For cellulose, rising
temperatures in HTC cause disruption of the fibrous network,
forming nano- to microsized fragments that adopt rounded
morphologies to minimize their interfacial energy with arene
motifs as a dominant structure type. Dissolved glucose forms
HTC spheres of 100–200 nm diameter that grow with residence
time until reaching a size determined by the processing temp-
erature. At temperatures above 200 °C and with longer resi-
dence times, the polyfuranic chains characteristic of glucose-
derived HTC carbon at 180 °C undergo intramolecular conden-
sation, dehydration, and decarboxylation, yielding more con-
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densed sp2-hybridized aromatic species analyzed by Falco
et al. using XRD and 13C-solid state NMR.64 Non-reducing
carbohydrates such as starch and amylopectin, unlike cell-
ulose, produce furan-rich HTC carbon because their less
ordered polysaccharide structures hydrolyze more readily at
lower temperatures (<180 °C),76,77 which is in line with the
early release of sugars into the filtrate observed in this study
from starch-rich WCGF. Crystalline cellulose conversion pro-
ceeds mainly through a pyrolysis-like pathway, with the
polymerization of dissolved intermediates playing a secondary
role. Knežević et al. could observe the formation of repolymer-
ized char as a dominant route for cellulose only at higher HTC
temperatures (∼350 °C), due to enhanced cellulose dissolution
at this temperature.77

Hydrochar and pyrolyzed carbon characterization

For the pH-dependent analysis of hydrochar and its annealed
carbon products, a reaction temperature of 240 °C was
selected. At this temperature, the HMF concentration dropped
below 3% for wheat straw and was completely depleted for
WCGF at an initial pH of 7. Moreover, previous studies have
shown that carbon products formed above this temperature
exhibit a higher degree of aromatization.75 Elemental analysis
further confirmed that the solid products obtained at 240 °C
contained the lowest oxygen content, which is crucial for pro-
ducing high-carbon amorphous materials after subsequent
pyrolysis of hydrochar. The pyrolysis reaction can best be fol-

lowed by thermogravimetric analysis coupled with mass spec-
trometry (TG-MS). The temperature program used can be
found in the Materials and methods part in the SI. Briefly,
5 mg of the sample was heated to 100 °C for 15 min, before
the temperature program (100–1000 °C, 10 K min−1, He) was
employed. In Fig. 4a, the relative TG and derivative TG curves
of HTC treated WCGF and wheat straw and untreated biomass
can be seen. The residual mass of the untreated samples after
removal of water is 10 wt% for WCGF and 13 wt% for wheat
straw, whereas the HTC-treated samples expectedly have a
reduced mass loss due to the condensed furan and aromatic
structures formed during the pretreatment. Note that the
pHstart 0 treated samples exhibit the highest residual masses
of around 42–45 wt% in both cases, which is similar to the
sucrose model system (46 wt%, Fig. S23). In untreated WCGF,
four major pyrolysis zones are distinguishable. The first mass
loss begins at 150 °C, likely from hemicellulose or less ordered
carbohydrates such as starch. The second step, peaking at
300 °C, could originate from hemicellulose and holocellulose,
decomposing via side-chain dissociation, glycosidic bond clea-
vage, and subsequent ring-opening, dehydration, and de-
carboxylation, producing CO, CO2, and other volatiles.78 The
third step at 350 °C corresponds to cellulose charring, while
the fourth peak at 410 °C aligns with lignin decomposition.
Lignin decomposes over 200–700 °C through ether bond clea-
vage, demethoxylation, and demethylation, releasing pheno-
lics, guaiacols, catechols, and benzene derivatives, overlapping

Fig. 4 TG-MS analysis in He gas of untreated biomass and HTC-treated biomass at 240 °C for 12 h at different starting pH values. All depicted
curves were measured after a 1 h drying step to remove water. (a) Mass and derived mass loss curves with reaction steps marked at the measured
sample temperature. (b) Temperature-dependent MS analysis of specific pyrolysis gas molecules.
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with secondary char formation.79,80 In the wheat straw DTG
curve, only one step is visible, but MS signals show the main
loss peak at 345 °C with a 255 °C shoulder, indicating an
overlap of cellulose and less ordered carbohydrates. Proteins
and lipids decompose over the ranges of 250–600 °C and
300–500 °C, respectively,81 overlapping with secondary crack-
ing of tar and bio-oil vapors at 550–900 °C, which produce H2,
CH4, CO, CO2, and polycyclic aromatic hydrocarbons, increas-
ing carbonization of the solid residue.79

Varying the starting pH in HTC-treated biomass produces
consistent DTG trends: low pH shifts maxima to higher temp-
eratures, while high pH shifts them to lower temperatures. In
sucrose and biomass hydrochars, the earliest DTG maximum
(170–210 °C) is likely due to small, weakly polymerized HTC
fractions. The 40 m/z (C2H3

+) signal is associated with the
decomposition of furanic and low-ordered aromatic struc-
tures,82 formed either during HTC pretreatment or in situ
pyrolysis. In pHstart 7 samples, the main peak at 370 °C (MS
380–390 °C) could correspond to the decomposition of con-
densed HTC-secondary char units, followed by a 420 °C event
that may arise from condensed aromatic and furanic structures
originating from cellulose, lignin, or the HTC core. The
sucrose model system (Fig. S23; HTC, 240 °C, pHstart 7, 12 h)
shows a broad DTG peak at 385 °C, with C2H3

+ and C2H3O
+

loss peaking at 226 °C and CO+ loss extending to 600 °C,
similar to HTC-treated biomass. However, heavy overlap of
reactions makes TG-MS deconvolution ambiguous. pHstart 0
biomass notably lacks the 370 °C peak, showing only the
420 °C event, suggesting the formation of a more carbonized
HTC material. WCGF additionally exhibits 44 m/z (CO2

+ and/or
N2O

+) events at 585 and 750 °C, possibly linked to
N-functionalization, which are absent in sucrose. High-pH
samples show maxima at 345–355 °C, close to native cellulose
decomposition. Secondary charring above 800 °C appears
more pronounced in HTC-treated biomass and sucrose,
whereas untreated biomass primarily decomposes between
200 and 450 °C. HTC prestructuring facilitates aromatization
into high-carbon char, as evident from elemental analysis and
XRF of the amorphous chars (Fig. S19, S21 and S22). For the
synthesis of the amorphous carbons, typically, 2 g of the
sample was annealed at 1000 °C under Ar (5 K min−1, 4 h)
after repeated evacuation and Ar purging. The oxygen content
of directly annealed biomass was 8 wt% for WCGF and 19 wt%
for wheat straw, whereas HTC-treated samples decreased to
2 wt% for both. The highest char yields were obtained for
pHstart 0 samples as indicated by the TG-MS mass loss. For
wheat straw, HTC also appears to retain nitrogen species in the
char, likely due to protein-derived aromatic compounds
formed via Maillard reactions with available sugars in aqueous
media.

To investigate the structural differences of the biomass-
derived amorphous carbons, X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), scanning electron microscopy
(SEM), Raman spectroscopy, N2-sorption with Brunauer–
Emmett–Teller (BET) and t-plot analysis and pressure-depen-
dent bulk conductivity measurements were performed. A

summary of selected results is shown in Fig. 5, with detailed
measurement conditions provided in the Materials and
methods in the SI. XPS, with an information depth of ca.
5–10 nm, probes chemical groups in the surface layers.83 The
C 1s KLL-edge, an Auger process providing information on the
local bonding environment, can be fitted to estimate the sp2/
sp3-bonding ratio. The so-called D-parameter is 13.5 eV for an
sp3-carbon reference (e.g., low-density polyethylene) and 22.1
eV for an sp2-carbon reference (e.g., graphite) (Fig. S25).84

Raman spectroscopy, based on inelastic scattering of light
(532 nm), is used to evaluate the amorphous or graphitic state
of the bulk with a probing depth that depends on the adsorp-
tion/scattering of carbon but can be estimated to be
0.1–10 µm.85 The ID/IG ratio indicates amorphous-to-graphitic
transition, with all studied materials classified as stage II
amorphous carbons, with similar peak widths and positions.39

Powder conductivity was measured using a four-electrode
in-house cell developed at the Hydrogen and Fuel Cell Center
(ZBT GmbH), where the sample was compressed in 10 N cm−2

steps from 10 to 130 N cm−2 using a pneumatic cylinder.
Conductivity is critical for minimizing ohmic losses in fuel cell
catalytic layers. Increasing compression improves interparticle
contact, enhancing bulk conductivity through delocalized
π-bonds in sp2-carbons.86 The conductivity and derived par-
ticle density is compared in Fig. 5a, with values reported at
100 N cm−2, corresponding to the compression force applied
in fuel cells at ZBT GmbH.48 Full pressure-dependent data are
provided in Fig. S32.

The SEM images in Fig. 5a reveal pronounced morphologi-
cal differences in HTC-treated samples depending on the start-
ing pH.

Spherical particle formation is most evident in pHstart 0
samples and least in pHstart 13 samples, consistent with the
NMR-based mechanistic analysis of filtrates. At higher pH,
sugars and furfurals such as HMF follow alternative pathways
yielding smaller organic acids and ketones, whereas low pH
promotes levulinic acid formation from sugars and acid-cata-
lyzed polymerization, resulting in hydrochar with a higher C
content. In SEM micrographs of pyrolyzed sucrose hydrochar,
HTC spheres are clearly visible (6–15 µm at pHstart 0, 2–10 µm
at pHstart 7), with larger conjugated spheres at lower pH
(Fig. S28); this is in line with previous observations by Reiche
et al., who observed a similar trend at a starting pH below 3
with sugar model systems.87 By contrast, pHstart 13 favors
larger carbon plates with fused spheres (Fig. S28c). Directly
pyrolyzed biomass has a flake-structured morphology, and in
wheat straw, remnants of cell wall pores are preserved. The
spider charts of the pyrolyzed materials (1000 °C, 4 h, Ar, 5 K
min−1) can be interpreted, such that a larger enclosed area of
the five connected parameters indicate more favorable pro-
perties for electrochemical applications. Directly pyrolyzed
biomass shows comparatively low bulk conductivity and
D-parameters that imply a lower content of sp2-carbon. One
could derive that the improved conductivity of HTC-treated
biomass is primarily due to the higher sp2-content; however,
the WCGF and wheat straw data in the left and right spider
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chart show comparable hybridization and hence indicate that
ash content and the degree of HTC-particle formation are also
important factors influencing the conductivity. Since high
density (e.g., in the pHstart 7 samples) does not necessarily
result in better conductivity—as might be expected from closer
packing—it can be concluded that the chemical connectivity
of carbon units has a more significant impact on bulk conduc-
tivity. The high-HTC-accessible-sugar containing WCGF forms
connected HTC particles most effectively at low starting pH; in
this sample, the conductivity is the best. The pHstart 7 samples
exhibit less visible HTC-particle formation in the SEM micro-

graphs and the reaction mechanisms are more similar to those
of pHstart 13 samples, leading to a reduced conductivity in the
case of WCGF. While a low starting pH leads to repolymerized
HTC particle formation in wheat straw as well, the silicon
retention is the highest in this sample, which might explain
why the conductivities of pHstart 0 and 7 samples are virtually
the same. The limited particle formation, as well as the higher
ash content (mostly silicon) in the wheat straw, reduces the
conductivity by 40% compared to the pHstart 0 WCGF sample.
Additional desilication steps could involve alkali pretreat-
ment88 or extraction with a chelating agent such as sodium

Fig. 5 Data of amorphous carbons with different HTC pretreatment conditions or no pretreatment, annealed at 1000 °C for 4 h in Ar gas. Errors of
each method can be found in the SI and do not undermine the observed trends. (a) Spider chart comparing min./max. values of powder bulk con-
ductivity [S cm−1] and density [g cm−3] measured at 100 N m−1 compression force and ash content from XRF analysis to the Vulcan XC72 reference
material (see the SI). ID/IG ratio from Raman spectroscopy and D-parameter acquired from XPS analysis with min./max. values oriented on the sp2/
sp3 reference material. Larger enclosed area of the five connected parameters indicates favorable properties for electrochemical applications. Spider
chart, SEM images of the pyrolyzed carbons all with a 10 μm scale bar. O 1s and N 1s functional group analysis with exemplary XPS spectrum of the
pH 7 sample and O- and N-weight content via elemental analysis of (b) WCGF-derived materials and (c) WS-derived materials.
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citrate.89 Vulcan XC72 as a commonly used petroleum-derived
carbon with a morphology of connected and fused spherical
particles in the 20–50 nm range (STEM image in Fig. 7a, C)
exhibits a bulk conductivity of 3.9 S cm−1 at 100 N m−1. This is
30% higher than the WCGF (pHstart 0), despite having compar-
able density, D-parameter, ash, and ID/IG values (Fig. S24a).
The increased conductivity can again be explained by the
better interparticle connectivity and more homogeneous
arrangement of the carbon spheres. XRD analysis suggests that
Vulcan XC72 also has a slightly better long-range graphitic
ordering (Fig. 7b), which also leads to the improved conduc-
tivity compared to the WCGF-derived amorphous carbons. The
implications of these trends can help assess early on which
biomass precursors can be feasible for application in electroca-
talysis and how the HTC-reaction conditions need to be
improved depending on the biomass.

In the SEM images of the wheat straw, the original cell
structure was preserved, being possibly the reason why a
macroporous morphology is observed in N2-sorption experi-
ments (Fig. S31a; N2-sorption isotherms). A high starting pH
leads to alkaline hydrolysis of lignin monomers, increasing
lignin solubility and breakdown; hence porosity is lost and the
surface area determined by BET analysis is decreased for
wheat straw treated under these starting conditions. Vulcan
XC72 has a surface area in the same order of magnitude as the
wheat straw materials (Table 2), but the N2-sorption curves
imply micropore content, which was estimated to be 75.6 m2

g−1 using a t-plot analysis (Fig. S37b). The biomass-derived
samples exhibit an isotherm type III sorption behavior and
therefore could not be analyzed by t-plot analysis due too little
or no micropore volume, hence resulting in a negative inter-
section with the y-axis. For the directly pyrolyzed WCGF
samples, no surface area could be determined because the C
values were unsuitable, likely due to weak N2-surface inter-
actions combined with the inherently low surface area of the
material. Sugar-derived HTC-treated carbons depending on the

reaction conditions can give a high surface area with micro-
and mesopores,90 but it has been previously observed by our
group that the addition of nitrogen into the HTC-carbon
matrix seems to lead to a smoother surface with no micro-
pores, large macropore content and low specific surface area.91

Consequently, the annealed HTC-treated WCGF with
N-contents around 3 wt% also shows no micropores and a low
surface area. Another reason for the difference in the surface
area between wheat straw and WCGF could be that WCGF does
not exhibit a high lignin content that keeps the cell wall struc-
ture in place, either during HTC treatment or during direct
annealing. As previously observed by other groups, the surface
area determined by the BET method does not seem to correlate
with the bulk conductivity.48

To estimate the accuracy of the XPS fitting, the atomic con-
centration of each N and O component was summarized and
divided by the sum of carbon–heteroatom bonds fitted into
the C 1s peak (O 1s + N 1s/C 1s–heteroatom). The ratio of this
quality indicator should be 1 ± 0.1. High heteroatom contents
can lead to a large error in the C 1s peak fitting and underesti-
mation of total O and N contents, which is why for the CNO
composition, elemental analysis combined with XRF is the
most reliable method for some of the samples.92–94 The O and
N content shown in Fig. 5b, c was measured by elemental ana-
lysis. The XPS analysis shows that during pyrolysis,
N-functional groups (amine, amide or pyrrole and NR3-nongra-
phitic groups) aromatize to pyridinic and graphitic nitrogen
(Fig. S26, O 1s and N 1s of hydrochar). Due to the high oxygen
contents in the hydrochar, nitrogen containing groups can be
oxidized to N-oxides, even under an inert Ar atmosphere. In
pyrolyzed WCGF, the composition of the oxygen groups does
not change significantly; however, their amount doubles if the
biomass is not HTC-treated. For wheat straw, the phenolic and
ketone or lactone content is increased at pHstart 13, possibly
because of a more exposed and broken lignin scaffold. This is
also indicated by an increased amount of carboxylate or ether
groups in the unannealed hydrochar (Fig. S26b), which, in the
case for ether can cleave and yield phenolic groups on the
surface layers of the carbon. Exposed lignin moieties may form
an oxygen-rich scaffold, leading to a high residual oxygen
content. The HTC-treated biomass samples with low starting
pH have similar oxygen content to Vulcan XC72 (1–2 wt%) but
also primarily contain sp2-bound nitrogen in their carbon
matrix. Basic nitrogen surface groups like amine, amide and
pyridinic groups or positively charged N-groups will increase
the ability to interact with negatively charged ions in the func-
tional groups of a Nafion ionomer, which is mixed with the
conductive carbon for catalyst ink formulation.50,51

The effects on the formation mechanism of hydrochar and
amorphous carbon derived from biomass are summarized in
Fig. 6. It illustrates why HTC-pretreatment can help improve
the interparticle connectivity and purity of the materials trig-
gered by reaction mechanisms in the liquid phase described
in Fig. 3c and the previous sections. Depending on the original
components that make up the biomass, hydrolyzable fractions
and alkali metals are dissolved into the HTC filtrate.

Table 2 BET and t-plot analysis data of biomass-derived materials
against commercial carbons

Pyrolyzed
materials

HTC
(240 °C, 12 h)

Surface area
[m2 g−1] C

Micropore &
external surface
area [m2 g−1]

WCGF pH 0 33 4.8 0
pH 7 28 6.3 0
pH 13 24 3.1 0
None — — —

Wheat straw pH 0 220 9.7 0
pH 7 188 5.4 0
pH 13 22 4.1 0
None 227 3.2 0

Vulcan XC72 — 298 125.2 76, 222

Mesoporous
carbon

— 145 13.5 0

All correlation coefficients >0.99. The pH refers to the starting pH.
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Compared to the sugar model system, the accessibility and
exposure of the biomass components are limited by hydro-
phobic units like lignin or highly crystalline cellulose that only
partly decompose starting at 220 °C and undergo mostly solid–
solid transformations.76 Its fibrous network starts to get dis-
rupted, leading to the formation of nano/micro-sized cellulose
fragments, which, being insoluble in water, adopt rounded
shapes to minimize their contacting interface with the sur-
rounding aqueous environment.64 Sugars, phenolics and pro-
teins will undergo dehydration, oxidation and decarboxylation
reactions that lead to intermediates like furfural and HMF,
which readily polymerize into spherical particles. Furfural
stemming from C5-sugars is more likely to undergo Strecker
degradation with amino acids like glycine to form 3-hydroxy-
pyridine derivatives compared to C6-sugars which tend to
degrade via different mechanisms leading to levulinic acid
and smaller C3 & C4 ketones and acids. This leads to a hydro-
char with higher N-content in the case of C6-sugar as the
carbon source. Amino acids and phenolics from lignin or
hemicellulose can repolymerize as well and lead to
N-containing hydrochar. Lowering the starting pH can improve
the hydrolysis to form monomers that can polymerize to HTC
particles, since in biomass the concentration of available
degrading sugar in solution is never high enough to reach the
level of autocatalysis of non-buffered sucrose solution during
HTC (rapid pH-drop due to formed acids). The sugar-derived
HTC particles were shown to have a core–shell type of mor-
phology.19 It has been proposed that core growth is driven by
dehydration reactions forming β-linked furanic domains and
arene clusters, while surface functionalities arise from path-
ways involving aqueous HMF, likely through aldol conden-
sation or catalyzed ring-opening reactions.20 When hydrochar
is annealed, the previously formed furan-based structures can

form a turbostratic carbon type that maintains its spherical
structure. These interlinked particles formed on top of carbon
sheets that stem from the non-hydrolyzable part of the
biomass, which undergoes mostly solid–solid transformations,
help to improve the bulk conductivity and homogeneity of the
material. Secondary charring reactions above 800 °C are more
pronounced in the MS traces of HTC-treated biomass and the
sucrose model system than in untreated biomass. While
untreated biomass primarily loses carbon through the release
of volatiles at low temperatures (200–450 °C), HTC pretreat-
ment introduces structural rearrangements that promote aro-
matization and the formation of carbon-rich char. This
pathway also governs bulk electrical conductivity through four
coupled levers: (i) a higher sp2/sp3 ratio from furan-to-aromatic
conversion lowers electronic transport barriers; (ii) HTC-driven
formation and coalescence of interconnected spheres improve
particle–particle contact and percolation; (iii) nitrogen retained
from protein-rich feeds introduces possible defect sites that
could facilitate charge transport;95 and (iv) minimization of in-
organic residue, especially silica, prevents insulating phases
that interrupt current paths. The directly pyrolyzed biomass
material has a lower sp2/sp3-ratio, higher alkali metal contami-
nation and less interconnected particles, which lead to lower
conductivity.

Pyrolyzed hydrochar as a support in electrocatalysis

As a proof of concept, the most promising biomass-derived
chars and Vulcan XC72 were decorated with Pt nanoparticles
(NP) via the chemical deposition method adopted by Fang
et al.96 and compared to a commercial Pt (40 wt%) on the
carbon catalyst (Sigma-Aldrich). The catalysts were analyzed by
scanning transmission electron microscopy (STEM), XRD, and
XRF, and electrochemically assessed at room temperature

Fig. 6 Illustration of the decomposition pathways of simplified lignocellulosic biomass components under hydrothermal conditions leading to
hydrochar formation, with structural comparison to direct pyrolysis.
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(22 °C) on a Metrohm RDE setup. The Pt NP distribution and
average diameter calculated from the manual particle count
from STEM images are shown in Fig. 7a. The adopted chemi-
cal deposition method yielded a slightly smaller particle size
(2 to 2.3 nm) on the biobased carbons than the commercial
catalyst (2.7 ± 0.1 nm), with comparably narrow distributions,
making the catalysts good candidates for electrochemical
application. When the broad diffraction peaks of Pt in XRD
patterns are fitted, similar sizes, within the margin of error,
are observed (Fig. 7b and Fig. S30, Pt fcc fitting). Differences
arise from the distinct methodologies employed: the XRD-
derived particle diameters are obtained as volumetric mean
values of crystallites, while the STEM evaluation gives an arith-
metic mean of a selected number of particles. Reduced particle
size can improve the dispersion of Pt on the support material
and maximizes the surface-to-volume ratio.97 The chosen
biomass-derived carbons provide functional surface groups
that enable well-distributed Pt NPs. Carbon corrosion testing
was not done on the RDE due to the limited insight it gives on
actual fuel cell operation; in a fuel cell, the catalyst experiences
gas-phase oxygen, variable humidity, and complex mass trans-
port limitations, leading to significantly different local poten-
tials and corrosion dynamics.54 What carefully employed RDE

measurements can bring are the comparison of intrinsic
kinetic parameters and activities.98 To compare the availability
of Pt NP on different carbon supports, their electrochemically
active surface area (ECSA [m2 gPt

−1]), mass-specific current (Im
[A gPt

−1]), area-specific current (IS [μA cmPt
−2]) and kinetic

Tafel slope value [mV dec−1] were acquired and compared, as
shown in Fig. 7d. Measurements were performed in a three-
electrode glass cell with a leak-free reference Ag/AgCl electrode
separated from the main compartment with an electrolyte
bridge in 0.1 M HClO4 solution. The washing procedure of
glassware and the adopted electrochemical protocol along
with the equations used can be found in the work of Shinozaki
et al.55 To check the cleanliness of the electrochemical setup,
the area-specific current at 0.9 V vs. RHE of a polycrystalline Pt
RDE in O2-purged electrolyte solution should be between 1.5
and 3 mA cm−2.98 The value in this setup was 2.2 mA cm−2

(Fig. S36a, 20 mV s−1, 1600 rpm, anodic sweep). A stock solu-
tion of 24 mL isopropanol, 76 mL ultrapure water and 0.4 mL
of 5 wt% Nafion solution (Ion Power, 1100 EW) was made for
the commercial and the Vulcan XC72 catalyst. For the usual
ink formulation, 3.5 mg of catalyst was mixed in a 10 mL stock
solution. Since previous studies showed that high sonication
intensities and long exposure times can lead to a change in

Fig. 7 All electrochemical experiments were done at 22 °C. (a) STEM bright and dark field images of WCGF (A), WS (B), Vulcan XC72 (C) and com-
mercial Pt on carbon (D) catalysts with particle distributions and average particle size. (b) XRD diffractogram of catalysts and average particle size
from Pt fcc fitting. (c) iR-Corrected CV spectra plotted in mA μgPt−1 for comparable peak heights of different catalysts. (d) Bar graph of ECSA, back-
ground current-corrected kinetic and mass currents of the ORR at 0.9 V vs. RHE. (e) Tafel slope of ORR currents in the kinetic regime.
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surface chemistry of the catalyst,99 a short sonication time of
6 min in a temperature-controlled ice bath was employed. It is
well known that the drop casting of the ink on the glassy
carbon surface of the RDE is a large source of error (coffee ring
and inhomogeneous film formation).100 To get an error esti-
mation and mean value, drop casting of a 10 μL droplet on a
5 mm glassy carbon disk was done twice via the rotational
drying method101 and once with air drying in a ventilated oven
at 40 °C while covering the RDE tip with a glass beaker for
slow drying for 40 min. The cyclic voltammetry (CV) curves in
Fig. 7c, from which the ECSA was deducted via integration of
H-UPD (hydrogen-underpotential deposition) peaks, are
measured after preconditioning the 100 cycles in Ar purged
solution in a potential window of 0–1.4 V vs. RHE (Fig. S34a,
CVs before break-in, Fig. S34b, CVs of conditioning). 210 µC
cmPt

−2 was used for ECSA calculation as the conversion factor,
i.e., the canonical charge for a monolayer of hydrogen
adsorbed on polycrystalline Pt in acid.102 The catalysts that
had a higher surface area determined by the BET method also
exhibit a slightly higher ECSA, though lying within each
other’s error bars; the low surface area WCGF, with a lower
loading of Pt (17 wt%) to avoid clustering, has a mean ECSA of
66 m2 gPt

−1, whereas the macroporous wheat straw-derived
catalyst and the commercial catalyst exhibit an ECSA of around
80 m2 gPt

−1. The N2-sorption notably does not linearly correlate
to the ECSA of Pt, since the availability of Pt in the electrocata-
lysts depends on many other factors like NP size, homo-
geneous distribution on the carbon surface and interaction of
the Pt NP on the carbon surface. Gas diffusion through the
carbon matrix has a large impact on the CL in a fuel cell and
cannot be properly assessed with the RDE. Studies have shown
that supports with low micro- and macropore surface areas
determined by the BET method, dominated by mesoporous
morphology, yield catalyst layers with enhanced ORR kinetics
and reduced local O2- and bulk H+-transport resistances.47 The
biggest difference in electrochemical performance between the
commercial catalyst and the ones synthesized in this study is
found in the mass-specific current Im, where the commercial
catalyst outperforms by 30 A gPt

−1 compared to the wheat
straw-derived catalyst. This jump can come from the different
deposition methods of the Pt NPs, where clustering can lead
to less effective usage of mass per catalyst unit. Evidently,
other effects like particle detachment and transient dis-
solution, which can be countered by strong anchoring of the
NP to the carbon surface, can also lead to a loss of mass
activity.103 Carefully designed Pt deposition methods have
been shown to improve mass specific activity, which was not
the incentive in the scope of this study. The specific kinetic
activity IS is the highest in the WCGF-derived and the commer-
cial catalyst. Catalysts may exhibit lower kinetic currents when
their intrinsic activity is reduced due to unfavorable binding
energies of oxygen intermediates, or when the effective utiliz-
ation of active sites is limited by factors such as large particle
size, poor dispersion, low-conductivity supports, or surface
poisoning, which could be the case for the wheat straw catalyst
since residual silicon and lower conductivity were measured.

As analyzed thoroughly with microkinetic modeling and single
crystal Pt electrodes, a Tafel slope close to −60 mV dec−1 at low
overpotential can indicate that the initial electron transfer
serves as the rate-determining step, with the rate being highly
dependent on the coverage of platinum oxide groups and
hence the pH and potential.104,105 All of the analyzed catalysts
are within the margin of error in this regime, with the com-
mercial catalyst having the lowest average slope. Although thin
films are complex systems, which make them unfit for detailed
mechanistic analysis,106 due to the chemical similarity of the
compared catalysts (Pt on carbon), the results indicate analo-
gous ORR pathways at the Pt surface.

STEM and XRD show that comparable Pt NP distributions
and RDE performances to the synthesized Vulcan XC72 sup-
ported catalyst can be reached with biomass-derived carbons.
While RDE results can give a good impression on the kinetics
of a catalyst at the measured temperature, the stability and real
performance in a fuel cell are on a different page. The per-
formance measured with RDE often deviates from real fuel cell
operation because the RDE provides idealized conditions with
well-controlled mass transport and uniform reactant distri-
bution, whereas practical fuel cells involve factors such as gas
diffusion, water management, ionomer–catalyst interactions
and electrode architecture that significantly influence catalytic
activity and durability. For this reason, high surface area
carbons (HSC) can be more desirable since the porous carbon
network facilitates gas diffusion and reactant accessibility,
which supports more efficient oxygen transport to catalytic
sites. If the catalyst used in this study were to be compared to
RDE activities of HSC catalysts of other reported studies, they
would show similar ECSA in the case of the wheat straw
derived catalyst, but mass-specific currents of HSC can be up
to twice as high in a well-optimized ink formulation and RDE
setups.101 Several things can be learned for catalyst manufac-
turing from biomass-based materials by the comparison of
parameters, as shown in Fig. 5a and the electrochemical
testing. HTC-pretreated sugar- and protein-rich biomass (e.g.,
wet corn gluten feed) can form N-doped amorphous carbons
with excellent purities and increased bulk conductivity due to
effective hydrolysis and repolymerization to interconnected
spheres, but the resulting non-porous and low surface area
determined by the BET method may lead to activity losses
when a Pt-decorated catalyst is fabricated, where pore sizes
play an important role. To improve the surface area, a sub-
sequent chemical activation step with KOH107 or physical acti-
vation with CO2 could be considered.108 Biomass with
increased non-hydrolyzable contents like lignin and crystalline
cellulose (e.g., wheat straw) retain part of their cell-wall structure
through solid–solid transformation during HTC, which leads to
an increased surface area (by BET analysis), but decreased
content of repolymerized and connected primary particles,
meaning a loss in conductivity. Straw-type materials have the
disadvantage of high silicon content which depletes signifi-
cantly with HTC pretreatment but is still too high for appli-
cations that require pure carbon materials, making additional
desilication pretreatments necessary. Understanding the for-
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mation mechanisms of hydrochar for the subsequent pyrolysis
is the first step to optimize biomass-based carbons towards
efficiencies closer to petroleum-sourced carbon materials.

Conclusion

Comprehensive qualitative and quantitative analysis using 1D-
and 2D-NMR highlights the need to analyze both hydrochar
and filtrate in hydrothermal processes to understand the
underlying chemistry of solid- and liquid-product formation.
Identification of filtrate components enables the evaluation of
potential platform chemicals (e.g., levulinic acid, 3-hydroxypyr-
idine, and furfurals) as well as considerations regarding toxi-
cology and downstream processing. In the sugar model system
of sucrose, acid-catalyzed formation of levulinic acid and repo-
lymerized hydrochar from furfurals (mainly HMF) is already
significant at pHstart 7, since dissolved sugars rapidly decom-
pose to acids that lower the pH (at 200 °C after 6 h pHend 3, after
12 h pHend 2). The content contributions of the sugar model
system only start to resemble those of biomass when a higher
starting pH is used; here OH− buffering slows down the pH
reduction, as for the biomass (wheat straw and wet corn gluten
feed), the concentration of available degrading sugar in solution
is never high enough to reach the level of autocatalysis of non-
buffered sucrose solution. This means that many other side
reactions can occur, which lead to the formation of high
amounts of C3 and C4 acids, ketones, aldehydes and alcohols
that lower the yield of carbon-rich and oxygen-reduced hydro-
char. NMR analysis revealed protonated 3-hydroxypyridine
derivatives as the main N-containing molecule in both biomass
filtrates, likely formed via Strecker degradation of a 1,2-diketone
derived from a C5 sugar. The preference of C5 sugars vs. C6
sugar to undergo this degradative reaction with an amino acid
was confirmed with model system reactions of glycine with
D-xylose (C5 sugar) and D-glucose (C6 sugar). In biomass, a low
starting pH resulted in a filtrate molecule content closer to the
model system and in hydrochar with lower oxygen content and
increased spherical HTC-particle formation. During the sub-
sequent pyrolysis (1000 °C, 4 h, Ar), the hydrothermally formed
furan-based structures promote aromatization and the for-
mation of carbon-rich char. The non-HTC treated, directly pyro-
lyzed biomass has a lower sp2/sp3-ratio, higher alkali metal con-
tamination and no interconnected particles, which reduces per-
colation and leads to a lower bulk conductivity. In summary,
HTC-pretreated sugar- and protein-rich biomass such as wet
corn gluten feed forms N-containing, amorphous carbons with
high purity and enhanced conductivity through hydrolysis and
repolymerization into interconnected spheres, although when
used as a catalyst support for the ORR, the non-porous, low
specific surface areas reduce catalytic activity, which could be
resolved by an additional activation step. In contrast, ligno-
cellulosic biomass like wheat straw retains parts of its cell-wall
structure, yielding higher surface areas determined by the BET
method but lower conductivity due to less HTC particle for-
mation and ash contamination (mostly silicon). The high

silicon content, although reduced by HTC, remains a limitation
for applications requiring pure carbon materials, which is why
an additional desilication step should be employed. These
mechanistic outlines provide an idea for a material-selection
map: use of sugar/protein-rich feeds when conductivity and
purity are priorities (e.g., electrodes and current collectors) and
lignocellulosic feeds when surface area and high amounts of
functional groups are necessary (e.g., adsorbents and support
materials), optionally followed by ash removal or secondary gra-
phitization to rebalance the surface area–conductivity trade-off.
With detailed insights into biomass formation pathways, we
aim to advance the understanding of bio-based carbons and
platform chemicals, driving the shift toward sustainable and
efficient technologies.
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