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ARTICLE INFO ABSTRACT
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A hydrothermally derived carbon support was synthesized from the sustainable feedstock chitosan, with optional
subsequent pyrolysis at 600 °C and 1000 °C, to explore its potential as a catalyst support material for ruthenium
(Ru). The catalysts were prepared through wet impregnation using Ru nitrosyl nitrate as the precursor. Their

Ruthenium L catalytic performances in ammonia decomposition were investigated under conditions of 5 % NHs at 1 bar,
Hydrothermal carbonization s B o . : —11.-1
Pyrolysis within a temperature range of 300 °C to 600 °C, and a weight hourly space velocity of 15.000 mly gcat h™ . The

analytical techniques employed in this study included elemental analysis, thermogravimetric analysis (TGA), gas
adsorption measurements, Raman spectroscopy, X-ray diffraction (XRD), flame atomic absorption spectroscopy
(F-AAS), scanning transmission electron microscopy (STEM), hydrogen-based temperature-programmed reduc-
tion (H2-TPR) and X-ray photoelectron spectroscopy (XPS). They unraveled that non-pyrolyzed supports showed
a strong tendency for Ru agglomeration, whereas pyrolyzed supports exhibited improved metal distribution,
which correlated with enhanced catalytic activity exceeding 50 % ammonia conversion at 450 °C. The surface
chemistry of the carbon support was modified by varying the pyrolysis temperature, which affected the con-
centrations and types of oxygen and nitrogen surface groups. These changes altered the interaction between Ru
and these surface groups. During the decomposition of the Ru precursor and the reduction of Ru oxides, the
partial breakdown of oxygen and nitrogen surface groups led to surface reconstructions of the Ru nanoparticles,
thereby affecting their crystallinity. This phenomenon was also observed during the catalytic testing, which was
more pronounced on the HC-600 support. Modifying the surface chemistry of hydrochar via pyrolysis affects Ru
distribution, reducibility, and crystallinity, thereby enhancing the NHs decomposition performance.

1. Introduction

Hydrogen (Hj) can serve as a clean energy source across various
sectors. The establishment of a hydrogen economy is considered crucial
to reduce greenhouse gas emissions and to address climate change.
However, in terms of energy storage, the most prominent drawback of
Hy is its low volumetric energy density of 2.71 kWh/m® at STP [1-4].
This issue can be addressed by pressurization, cryogenic liquefication
and/or adsorption of Hy as well as the chemical conversion with carbon
oxides or nitrogen (N3) to gases or liquids with beneficial storage and
handling properties [5,6]. Currently, extensive research is ongoing in
the field of chemical Hy carriers to cover the Hy needs of the energy and

chemical sector by a global trade infrastructure [5]. Among discussed
carrier technologies, chemical conversion of Hy to methane (CHa),
methanol (CH30H), dimethyl ether (C2HgO), liquid organic Hy carriers
(LOHC) such as dibenzyl toluene or to ammonia (NH3) are considered
[7]1. All those molecules are regarded as the most promising options for
international Hy transport due to their high Hj storage densities and
easier handling [8-11]. In comparison to other chemical storage com-
pounds, NHj3 exhibits several outstanding storage properties:

1) A high volumetric hydrogen density of 108 kg Hz/m? (at 20 °C and
8.6 bar) and specific energy density of 5.18 kWh/kg of liquefied
ammonia [12].
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2) An established infrastructure for ammonia production, trans-
portation, and storage due to its global significance in the fertilizer
industry facilitating the integration of ammonia as a Hy carrier [13].

3) In contrast to other chemical Hj carriers, the absence of carbon in the
molecule allows for its synthesis and decomposition independently
of any carbon source or capture, respectively.

A key challenge in using ammonia as a Hy carrier lies in an efficient
H, recovery by catalytic splitting into Np and Hy [14], described by the
following reaction equation:

NH3 = Ny + 3 Hy AH = + 92.4 kJ mol ! ¢))

Thermodynamically, this endothermic volume-expanding equilib-
rium reaction is favored by high temperatures and low pressures.
However, as the availability of high-temperature heat utilities will
decrease by the fossil fuels phase-out, temperature for the decomposi-
tion should be kept as low as possible [15]. To efficiently conduct NH3
decomposition at temperatures below 500 °C, highly active catalytic
systems are crucial to decrease the activation energy barrier [16].

In scientific literature, two rate-determining steps depending on the
reaction conditions are described [17]: the cleavage of the first N-H
bond and Ny desorption. According to Sabatier’s principle, an ideal
catalyst with an appropriate adsorption energy accelerates the cleavage
reaction while effectively releasing the products [18]. At low tempera-
tures, the N2 desorption step is identified as the rate-determining step,
irrespective of the catalyst used [4]. Consequently, the metal-N binding
energy becomes a key parameter for catalyst design. Boisen et al.
demonstrated through experimental data that the relationship between
the ammonia conversion rate and the nitrogen binding energy for
various metals (Ru, Fe, Co, Ni, Cu) exhibits a volcano shape, with Ru
positioned at the optimum point [19]. Fe is positioned on the left side of
the volcano plot, indicating a stronger metal-N binding energy, with the
potential of forming FeNy [20]. In contrast, Co, Ni and Cu are located on
the right side, signifying a weaker metal-N interaction. Therefore, most
publications dealing with NH3; decomposition use Ru as the active
component [17-19]. Anyhow, the position of Ru on the volcano plot
depends on the surface structure, e.g. Ru(0001) versus Ru step sites. The
most active Ru sites in this structure-sensitive reaction are reported to be
the B-5 sites, which correspond to step sites on hexagonal close-packed
surfaces. It consists of an arrangement of three Ru atoms in one layer and
two further Ru atoms in the layer directly above this at a monoatomic
step on an Ru(0001) terrace [21]. Additionally, the electronic environ-
ment surrounding Ru can also influence the reactivity by modulating the
difference between the energy of the center of the d-band (Eq) and the
Fermi level (Ey), thereby altering the adsorption energies between Ru
and the adsorbates [22].

Besides the active metal, the choice of the support greatly impacts
the activity and stability of the catalyst. The most widely used supports
for NH3 decomposition are carbon- and metal oxide-based materials
[23-27]. Among carbon-based materials, carbon nanotubes (CNTs) are
currently under intense scientific investigation due to their unique
properties such as high internal surface area and structural adaptability.
The latter includes tunable shape and size, mechanical flexibility, sur-
face functionalization, and integration into composites to enhance per-
formance across various applications [28]. Besides CNTs, also carbon
nanofibers (CNFs), carbon xerogels and graphitic carbons have been
considered as supports for this application [29-32]. Yin et al. pioneered
the use of Ru supported on CNTs, reporting that Ru/CNT catalysts
exhibited a superior activity in ammonia decomposition compared to
other supports, including AC, MgO, ZrO5 and Al,03. Furthermore, it was
shown that the Ru particle size is support-dependent, ranging from 2 nm
to 5 nm for CNTs, K/CNTs and AC, and from 3 nm to 15 nm on the metal
oxides. These results suggested that using a support with both strong
basicity and good electron conductivity could lead to a more efficient
catalyst [33-35]. CNFs on the other hand are more cost-effective than

Applied Catalysis A, General 709 (2026) 120616

CNTs and, as reported by Duan et al., demonstrate greater activity
compared to Ru/CNTs. This enhanced performance is attributed to the
improved electronic properties present at the edges of the CNFs [36,37].
Mazzone et al. introduced carbon xerogels derived from
resorcinol-formaldehyde as a support for Ru. They further explored how
CO9 activation treatment at high temperatures along with nitrogen
doping, enhanced the crystallinity of Ru. This improvement was also
attributed to the basicity and electron donor effect [30].

In general, there has been an increased focus on heteroatom doping,
such as oxygen and nitrogen as these modifications were shown to
enhance the -catalytic activity in NH3 decomposition [38-41].
Garcia-Garcia et al. stated that oxygen surface groups, present on the
surface of activated carbon, had a decisive effect on the achieved
dispersion of active phase, influencing the electronic properties of the
surface sites and stabilizing the materials against sintering phenomena
[42]. Marco et al. investigated the effects of nitrogen doping on the
activity of carbon-nanofiber-supported Ru nanoparticles in ammonia
decomposition. Characterization techniques revealed that N-doping
improved the electronic properties of the catalyst [43].
Support-mediated metal reduction maintained a higher ratio of metallic
Ru in comparison to undoped or O-doped CNFs and reduced Ru sintering
during the reaction. Another observed phenomenon was the increased
electron donation from the support to the metal on N-doped CNFs
compared to undoped and O-doped carbon, as confirmed by XPS.
Moreover, the Ru metal uptake was 25 % higher on N-CNFs than on
un-doped and O-doped CNFs, suggesting that pyridinic groups enhance
metal precursor adsorption. However, unlike previous studies [44], no
significant effect of nitrogen groups on Ru particle size after metal
deposition was found.

Despite their potentials as catalyst carriers for NHs decomposition,
some carbon materials exhibit certain individual disadvantages and
limitations. CNTs and CNFs can be costly to produce and may reveal
challenges related to their structural integrity and agglomeration [37].
While having a high surface area, carbon xerogels often suffer from poor
electronic conductivity and mechanical stability [45].

To address the above-mentioned limitations of support materials for
Ru-based catalysts, hydrothermal carbonization (HTC) emerges as a
promising method, offering an environmentally friendly and resource-
efficient approach for preparing carbonaceous materials. Moreover,
the HTC process is scalable and straightforward, making it a favorable
option for producing effective catalyst supports. Currently, HTC mate-
rials are scarcely discussed as catalyst carriers in gaseous reactions due
to their typically low surface area [46]. To overcome this limitation, a
subsequent pyrolysis can significantly enhance the material’s porosity
and surface area, while facilitating the incorporation of nitrogen func-
tionalities into the carbon matrix [47]. The solid product known as
hydrochar (HC) can be derived from sustainable precursor materials,
such as biomass, organic waste, and biopolymers [48].

Among biopolymers, chitosan has gained significant attention in
recent years due to its versatile properties, wide range of applications,
and high availability [49-53]. Chemically, chitosan is a linear poly-
saccharide composed of f-(1—4)-linked D- glucosamine and N-ace-
tyl-D-glucosamine units, giving it a partially deacetylated and
nitrogen-containing structure [49]. It is derived from chitin, a natu-
rally occurring biopolymer, which is found predominantly in the exo-
skeletons of crustaceans, insects, fungi, and cephalopods like squids [54]
(see Fig. 1). The global annual production of chitin is estimated to
approximately 6 Mt [55]. Commercially available chitosan contains
impurities in the form of inorganic matter, which can further agglom-
erate during the carbon synthesis process. While some elements act as
promoters, others do act as catalyst poisoning for the active sites in
ammonia decomposition. To adjust the inorganic matter of organic
materials, a combination of HTC with pyrolysis can be beneficial [56].
Reza et al. confirmed the effectiveness of HTC in removing inorganic
matter from biomass through leaching, leading to a significant reduction
in heavy metals of the resulting biochar. In their study, HTC treatment
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Fig. 1. Schematic illustration of the preparation procedure of hydrochar and pyrolyzed hydrochar from chitosan, including the sustainable source of chitosan. The

SEM image of hydrochar is given.

also decreased slagging and fouling tendencies by lowering the alkali
index and chlorine content, resulting in a cleaner and more efficient
carbon material [57]. Therefore, following the HTC pathway has the
potential to improve product quality by minimizing impurities.

To our knowledge, chitosan-derived hydrochar and pyrolyzed
hydrochar have not yet been explored as potential supports for Ru.
Furthermore, their role as supports for Ru or other metals in ammonia
decomposition has not been investigated. Therefore, we aim to present
this group of sustainable carbon materials as viable supports for Ru.
Additionally, we want to examine the applicability of these catalysts in
ammonia decomposition. Introducing heteroatoms such as oxygen or
nitrogen to the carbon support can alter the surface chemistry to
improve its adsorption capability towards the active metal. Our findings
demonstrate that by tailoring those surface functionalities of hydrochar
through pyrolysis, we can control the distribution, reducibility and
crystallinity of Ru, which ultimately influences the catalytic activity in
NHs decomposition.

2. Materials and methods
2.1. Carbon support and catalyst preparation

For the hydrochar (HC) preparation, chitosan (low molecular weight,
Sigma Aldrich) was used as a precursor. Glacial acetic acid (99.9 %,
Sigma Aldrich) was diluted to 20 vol.-% with deionized water. The HTC
was carried out by mixing 28 g of chitosan with 350 ml of the 20 vol.-%
acetic acid solution and thermally treating the mixture at 180 °C for 16 h
in a 500 ml Carl-Roth autoclave. During HTC, the autogenous pressure
in the system increased to 10 bar, which can be attributed to heating of
process water leading to thermal expansion and water evaporation. The
obtained solid material was washed out via Soxhlet extraction for at
least 16 h using pure ethanol (99.98 %), and subsequent vacuum drying
at 40 mbar for 6 h at 80 °C. Afterwards, two samples of the HTC solid
product were pyrolyzed for 4h in a quartz tube furnace under a
continuous nitrogen (N3) flow, resulting in the pyrolyzed hydrochar
(HC-X). The carbon synthesis procedure is illustrated in Fig. 1. The py-
rolysis temperatures were set to 600 °C and 1000 °C, respectively.
Activated carbon NORIT® SX PLUS CAT, from here on labelled “AC”,
was used as a reference carbon material without any pretreatment.

Ru(III) nitrosyl nitrate (>31.3 % Ru, ThermoFisher) served as the
metal precursor for the catalyst synthesis. Wet impregnation (WI) was
employed for the deposition of 1 wt.-% Ru metal onto the support ma-
terials, using ethanol (99.8 %) as a solvent. Finally, the catalysts were
dried under vacuum conditions (50 mbar, 70 °C) and calcined at 400 °C
for 2 h using an argon (Ar) atmosphere.

The supports were labelled as “HC” for synthesized hydrochar with
the respective pyrolysis temperature of 600 °C and 1000 °C to obtain the
following material descriptors: HC/HC-600/HC-1000. Once wet
impregnated, “Ru” was added to the names of the respective materials.

2.2. Carbon support and catalyst characterization

Elemental analysis was conducted to determine the carbon,
hydrogen, and nitrogen content in the bulk phase of the supports,
calcined catalysts, and spent catalysts. The analysis was performed using
a vario MICRO cube from Elementar, which is equipped with a thermal
conductivity detector (TCD). The samples were crushed into a fine
powder for ensuring representative results.

Thermogravimetric analysis (TGA) was conducted using a TGA 5500
from TA Instruments for chitosan and HC. Approximately 14 mg of
sample were placed in a platinum crucible each of the measurements.
The temperature program consisted of a heating rate of 10 K min~! from
room temperature to 815 °C, followed by an isothermal hold of 1 h.
Using a flow rate of 20 mly min™ the measurements were performed in
air as well as in N atmosphere. The measurements in air were repeated
three times for each sample, with the average value reported as the ash
content in chapter 3.1

N, adsorption and desorption isotherms of the supports and catalysts
were collected using the surface area and pore size analyzer Nova800
from Anton Paar. The measurements were carried out at —196 °C, using
liquid N3 as the cooling agent. Prior to the measurements, 100 mg to
150 mg samples of the support or calcined catalyst were degassed at 200
°C for 3 h to remove moisture and other adsorbed species. The specific
surface area (Spgr) was calculated using the Brunauer-Emmett-Teller
(BET) equation [58] from the adsorption isotherms in the relative
pressure range of 0.05-0.30. The quenched solid density functional
theory (QSDFT) [59] was used for the calculation of pore size distribu-
tion, mean pore width (wp), and total pore volume (Vt, p/pp=0.95).
Three repetitions of the support measurements were conducted using
new samples from the same batch. The mean values are provided in
Table 1, the respective standard deviations are provided in Table S2.
Due to the limited sample availability, repetitions were not performed
for the catalysts.

Raman spectra were acquired for all supports and catalysts using a
WITec alpha500 high-resolution confocal spectrometer, employing a
532 nm laser as the excitation source. Three different spots for each
sample were measured, and the average spectra were collected. To
assess changes in the carbon structure, the Ip/Ig ratio was calculated by
integrating the intensities of the D and G bands (D band at 1351 cm™; G
band at 1586 cm™). The D band, associated with defects and the
disordered structure of carbon, arises from the breathing modes of sp?
carbon rings, indicating the presence of structural imperfections typical
of amorphous carbons [54]. In contrast, the G band, related to the
graphitic or ordered arrangement of sp? sites, results from the in-plane
vibrations of carbon atoms within the graphitic lattice [49,50].

The X-ray diffraction for the supports was performed in a Rigaku
SmartLab diffractometer (9 kW, Cu-Ko, Hypix-3000). The measure-
ments were taken with a Kf filter on the receiving side.

The pH of the supports was measured using a pH probe from Mettler
Toledo. A sample of 1 g of solid was dissolved in 50 ml of deionized
water and stirred for 1 h prior to the measurement.

Flame atomic absorption spectroscopy (F-AAS) was the technique
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Table 1

Material properties obtained for chitosan, supports and catalysts.
Sample CHN analysis Atomic ratios F-AAS Nitrogen gas adsorption Raman pH

C H N O H/C N/C Ru SBET Vr Wp Ip/Ig
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (m2g™h (em®g™) (nm) “)

Chitosan 40.2 7.2 7.0 45.6 2.03 0.15 n.a. n.a. n.a. n.a. n.a. n.a
HC 57.7 5.2 6.2 30.7 1.09 0.09 n.a. 48 0.11 8.9 1.2 4.0
HC-600 81.1 2.6 7.5 8.6 0.39 0.08 n.a. 103 0.09 3.3 1.3 5.0
HC-1000 85.0 1.3 3.3 10.3 0.19 0.03 n.a. 102 0.10 3.8 1.7 5.2
AC 86.5 0.9 0.2 12.4 0.12 0.00 n.a. 1033 0.67 2.6 2.0 5.5
Ru/HC 67.1 3.5 8.0 20.5 0.63 0.10 1.1 161 0.21 5.2 1.1 n.a
Ru/HC-600 77.8 2.5 7.7 10.9 0.39 0.08 0.9 166 0.12 2.7 1.6 n.a
Ru/HC—-1000 83.2 1.4 3.0 11.2 0.21 0.03 1.2 157 0.20 5.1 1.7 n.a
Ru/AC 87.4 1.0 0.4 10.2 0.14 0.00 1.0 994 0.63 2.5 n.a n.a

“ The O content was measured as follows: 100 — C (wt%) — H (wt%) — N (wt%). It includes the ash content.

applied to measure the Ru content of the catalysts. A maximum of
250 mg of each sample was weighed into a Teflon vessel, sequentially
treated with 5 ml of 35 % HCI and 20 ml of 69 % HNOs, then sealed and
heated to 200 °C within 15 min in a microwave oven at a maximum
power of 650 W. After 30 min of digestion, the sample was cooled to
approximately 30 °C, with a blank sample processed similarly to check
for contamination. The clear solution was decanted, diluted to 50 ml
with double-distilled water, and further diluted with 0.1 mol-% CsCl, in
a 1 % HCI solution for analysis. The Ru content was analyzed at a
wavelength of 349.89 nm, with a calibration performed prior to the
analysis. A duplicate determination was conducted, the mean values are
given in Table 1, the standard deviations are given in Table S2.

The scanning electron microscopy (SEM) measurements of the HC
were conducted using a thermal field emission scanning electron mi-
croscope (FE-SEM) with a Schottky emitter, equipped with a GEMINI®
electron column. The images were acquired at an acceleration voltage of
5 kV, employing an InLens secondary electron detector.

The scanning transmission electron microscopy (STEM) measure-
ments of the reduced Ru catalyst on carbon-based support materials
were performed in a probe corrected JEOL NeoARM 200 F microscope
(200 kV). High angle annular dark field (HAADF, 80-220 mrad) de-
tectors were used to achieve Z-contrast as well as atomic resolution of Ru
particles on support matrix. Note that, to improve the sample quality for
achieving maximum resolution, each TEM sample grids were heated at
200 °C inside a heating oven at ambient atmosphere to reduce con-
taminates (water solvents). From the HAADF images, the size of the Ru
particles was measure manually for 1000 particles using the “Measure
Features” tool at DigitalMicrograph software (GatanInc).

The reduction behavior of all samples was studied using
temperature-programmed reduction (TPR) in diluted Hj. Prior to the
measurements, all samples were dried at 200 °C for 2 h under Ar at-
mosphere. The TPR experiments were performed on an AMI- 300 from
Altamira Instruments. The masses m/z = 14, 15, 16, 17, 18, 28, and 44
were monitored by an OmniStar GSD 350 mass spectrometer from
Pfeiffer Vacuum. The temperature range for TPR was set between 30 °C
and 400 °C, with a heating rate of 10 K min™ and a total flow rate of
50 mly min containing 10 % Hs in Ar. During this step, a heating rate
of 10 K min™ and a cooling rate of 50 K min™ was employed.

X-ray photoelectron spectroscopy (XPS) was performed to investi-
gate the elemental composition and the chemical states of the elements
in the surface of supports and catalysts. The photoelectron spectra were
obtained using an EnviroESCA spectrometer from Specs GmbH (Phoi-
bos-NAP) 150 analyzer, 1D Delay-Line Detector, monochromatic Al Ka
radiation at 1486.6 eV, incident angle 55°). The samples were prepared
as powders on a conductive carbon tape. A microscopic check confirmed
a closed and dense layer. All spectra were measured at a temperature of
298 K and a pressure of 7 x 10-7 mbar utilizing a pass energy of 30 eV
(40 accumulations for C 1s, O 1s, Ru 3d; 150 accumulations for Ru 3p,
80-100 accumulations for N 1s support and 100-200 for N 1s catalyst).
The photoelectron spectra of HC and HC 600 have shown significant

surface charging under conventional XPS conditions. Therefore, NAP-
XPS was applied using water vapor at a gas pressure of 3 mbar for
charge compensation. Consequently, the resulting O 1s photoelectron
spectra of these two samples contain signals of adsorbed water and the
applied water vapor in the gas phase (between 534.3 eV and 535.4 eV).
These signals were considered during the data evaluation but not further
investigated. The calibration of the energy scale was performed using
the Au 4f7/2 (83.96 eV) and Ag 3d5/2 (368.21 eV) photoelectron peaks.

The XPS data was processed with CasaXPS by applying the following
peak fitting settings: The evaluation of the Ru 3d and Ru 3p signals was
done considering spin doublet separation (DS-Ru 3d = 4.17 eV and DS-
Ru 3p = 22.1 eV). For all spectra a Shirley background subtraction was
applied. The C 1s signals were fitted using a Lorentzian line shape LA
(1.643), for the Ru(0) species an asymmetric Lorentzian line shape LA
(1.7,1.9,50) was used; for all other spectra a Gaussian-Lorentzian line
shape GL(30) was applied. The spectra were charge-corrected based on
the reference position of the C-C/C-H bonding peak of carbon at
285.0 eV. For semi-quantitative investigations relative sensitivity fac-
tors from CasaXPS were used.

2.3. Catalytic activity measurements

The catalytic activity of the Ru catalysts was screened in a fixed-bed
flow reactor (AMI-300, Altamira Instruments) connected to a Matrix
MGO1C FTIR from Bruker with gas cell and a OmniStar GSD 350 mass
spectrometer from Pfeiffer Vacuum. All samples were dried in helium
(He) at 200 °C for 2 h and activated with 10 % Hs in He at 400 °C for 1 h.
During the drying and activation step, a heating rate of 10 K min™ and a
cooling rate of 50 K min™ were employed. NH3 decomposition was then
carried out in a 5% NHjs in He atmosphere in the temperature range
between 300 °C and 600 °C with 50 °C steps and respective holding
times of 2 h at a heating rate of 10 K min~!. At 450 °C, the experiments
were repeated with a holding time of 16 h. During the activity mea-
surements, a weight hourly space velocity (WHSV) of 15 000 mly h!
gca was applied.

The following equations were used to calculate the weight hourly
space velocity (WHSV), NH3 conversion (Xyys), NHs reaction rate (r)
and Hy production rate:

\Y
WHSV [mly g2} h™'] = ¢ )
Mqe
XNH3 [%] _ nNHg.inl.et - nNH3,outler .100% (3)
TINH; inlet
NH; reaction rate [mmol NH; gt h™'] = Dy dntet. — TN outlet (€]

Mear

} —-15. leHg,inlet - 1:lNl-Ig,oullet (5)

H, production rate [mmol H, g+ h™* -
cat
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E, 1000

In(r) = In(A) — T (6)

Additional details on the calculation of the activation energy (E,) are
given in chapter 3.3 of the ESI. To enable a comparison of the experi-
mental results to chemical equilibrium of NH3 decomposition, minimi-
zation of Gibbs free energy was applied using the thermodynamic
parameters for the relevant components with a temperature range be-
tween 300 °C and 600 °C, and at an absolute pressure of 1 bar [60].
Initial molar fractions were set in accordance with the experiments, i.e.,
5 % NHs in inert atmosphere.

3. Results and discussion

The material properties of chitosan, the supports and catalysts are
summarized in Table 1, including the chemical composition in bulk, Ru
content in bulk, gas adsorption characteristics, structural properties
from Raman analysis, and pH.

3.1. Support characterization

The chitosan used in this study contained 7.2 wt% nitrogen, enabling
heteroatom doping of the carbon support, thus eliminating the need for
an external nitrogen source (Table S1). In Fig. 1, a schematic illustration
of the preparation procedure of the carbon support, including the sus-
tainable source of chitosan, is given.

Chitosan underwent various decomposition reactions, including
hydrolysis, dehydration, decarboxylation, polymerization, and aroma-
tization, which is reflected in differences in the elemental composition of
the non-pyrolyzed and pyrolyzed materials [61]. In particular, CHN
analysis revealed that these reactions resulted in an absolute increase in
carbon content of 17.5 wt% in the HC material, while the hydrogen
(-2 wt%), oxygen (-14.9 wt%) and nitrogen content (-0.8 wt%) were
reduced. During the dehydration step, water was released into the liquid
phase, while the decarboxylation step resulted in the degradation of
carboxyl and carbonyl groups. Simultaneously, the polymerization and
aromatization reactions allowed carbon atoms to aggregate and form
stable carbonaceous structures, thus increasing the overall carbon con-
tent in the bulk material [48,61]. Simsir et al. reported similar findings
regarding chitosan, further indicating that extending the residence time
during HTC from 18 h to 48 h resulted in only a 4.6 wt% increase in
carbon content [62]. During pyrolysis of HC at 600 °C, further thermal
decomposition occurred, leading to the breakdown of complex organic
structures and the release of volatile compounds, which typically
contain hydrogen and oxygen, as can be deduced from the CHN data in
Table 1. This led to a further absolute increase in carbon and nitrogen
content by 23.4 wt% and 1.3 wt%, respectively. Hydrogen and oxygen
were lost as volatiles, reducing their overall concentrations. These re-
sults indicate that the hydrothermal carbonization of chitosan resulted
in the formation of a nitrogen-rich carbonaceous material. During py-
rolysis at 1000 °C, the thermal degradation of the HC intensified leading
to a further decrease of hydrogen, oxygen as well as nitrogen to 1.3 wt%,
10.3 wt% and 3.3 wt%, respectively. Thus, the elevated temperature
promoted the breakdown of nitrogen-containing functional groups,
while the carbon content (85.0 wt%) further increased as the remaining
char became more condensed and stable. Comparable findings were
reported by Ramiro de Castro et al., who also investigated the nitrogen
enrichment of chitosan-derived hydrochar at temperatures up to 800 °C
(6.1 wt% nitrogen, 800°C). The chemical composition of the reference
material AC resembles that of HC-1000, differing primarily in the
absence of nitrogen.

In order to compare the thermal stability and oxidative decomposi-
tion of the HC materials with its feedstock chitosan, both N,- and air-
TGA measurements were conducted (Figure S1). No-TGA revealed a
higher total mass loss for chitosan (77 wt%) up to 1000 °C, compared to
HC (52 wt%). The initial thermal event between 50 °C and 200 °C for HC
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could be associated with moisture loss (e.g., physisorbed water), high-
lighting the increased water content due to the hydrothermal treatment
compared to chitosan. The subsequent event, occurring from 200 °C
onward, could be interpreted as the decomposition of volatile products,
which is in alignment with the changes in the chemical composition
(Table 1) [47]. Notably, for chitosan, the primary mass loss of approx-
imately 40 wt% occurred around 300 °C, reflecting the breakdown of
the polymer backbone into smaller volatile compounds [63]. This
decomposition was less pronounced for HC since it had already under-
gone significant transformation during the HTC step. From 500 °C to
1000 °C, the thermal degradation pattern of both materials was in
alignment, as further carbon structural transformations occurred
alongside the release of residual volatiles.

In the air-TGA analysis, both samples exhibited complete combustion
of organic compounds at 580 °C, with the residual mass corresponding
to the ash content of 1.15 wt% for chitosan and 0.51 wt% for HC. While
the measured ash content of chitosan is in alignment with the value
given on the analysis certificate (Table S1), the reduced ash content after
HTC suggested that some inorganic compounds were leached into the
liquid phase during HTC [64]. However, it is to be noted that the TGA
ash content has a certain degree of uncertainty due to the small amount
of sample analyzed.

The temperature effect on the textural properties of the supports was
studied by Ny gas adsorption measurements. The adsorption and
desorption isotherms as well as the pore size distributions can be found
in Figure S2. According to the IUPAC classification, all isotherms show a
type IV behavior, with a less pronounced hysteresis loop indicating pore
condensation in the mesopores [65]. The increased Ny adsorption up-
take for p/po > 0.3 is characteristic for porous carbons [66]. The specific
surface area increased from HC to HC-600 from 48 m? g~ to 103 m? g !
and remained stable from HC-600 to HC-1000. In the isotherm profiles,
the sharp rise at low relative pressures can be assigned to the presence of
micropores, which is more pronounced in the thermally treated carbons.
This presence of micropores may contribute to the increased specific
surface area, likely resulting from the thermal decomposition of volatiles
and the restructuring of the carbon scaffold. The pore width decreased
with increased pyrolysis temperature from 8.9 nm to 3.3 nm and 3.8 nm
for HC, HC-600, and HC-1000, respectively. The total pore volume
remained stable throughout the support materials, being low with
0.1 cm® g1 on average. In comparison to the HC materials, the refer-
ence material AC showed a higher specific surface area of 1033 m? g,
total pore volume of 0.67 cm® g1 and a smaller pore width of 2.6 nm.

To assess the overall carbonization degree of the materials, the H/C
and N/C atomic ratios were calculated providing insights into the aro-
matic and aliphatic character of the bulk material. The H/C ratio of
chitosan to HC-1000 decreased from 2.03 to 0.19, indicating an increase
in aromaticity. The reference material AC exhibited the lowest H/C ratio
of 0.12, linked to its aromatic structures formed by higher carbonization
and removal of polar compounds, indicating the highest aromaticity
[56]. Correspondingly, the N/C ratio decreased from 0.15 to 0.03,
indicative of a more carbonized structure with diminished polar func-
tional groups. The results by Zhao et al. support our findings, as their
study revealed that chitosan-derived carbon materials exhibited a sig-
nificant degree of aromaticity, as demonstrated by solid-state >C and
I5SN NMR analyses. Moreover, their materials displayed improved elec-
trical conductivity after subsequent calcination at 750 °C, with the
nitrogen-doped samples demonstrating superior conductivity compared
to the nitrogen-free counterparts [57]. Further structural changes can
also be observed using Raman spectroscopy, as shown in Fig. 2. Both, the
D and G band show an increased intensity with increased pyrolysis
temperature, suggesting a higher graphitization degree. The D band
appeared to be higher in intensity, which can be correlated with the
formation of more structural imperfections due to the evolution of vol-
atile components (see CHN analysis) and the breakdown of ordered
graphitic domains [67]. The reference support AC shows a comparable
trend as HC-1000, which also aligns with the low H/C ratios. The Ip/Ig
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Fig. 2. Raman spectra of the HC-derived supports and the activated carbon
(AC) as a reference.

ratios calculated from the integrated Raman peak areas show an
increasing trend in the order: HC < HC-600 < HC-1000 < AC, indi-
cating a greater increase in defects relative to the graphitic structure as
the temperature rises.

The Raman results were also aligned with the XRD measurements
shown in Figure S4, which provides additional insights into the struc-
tural characteristics of the carbon supports. The top panel of the figure
displays the XRD pattern of graphite, characterized by sharp and distinct
peaks corresponding to specific crystal planes, particularly the (002)
plane at approximately 20 = 26.6° [68]. This serves as a reference for
assessing the degree of graphitization in the samples below. In the
bottom panel, XRD measurements from the HC-derived supports illus-
trate the evolution of graphitization. The reflection intensity in the re-
gion around the graphite (002) plane indicates how each sample
compares to the well-ordered structure of graphite. HC-1000 shows the
highest degree of graphitization, as evidenced by its narrower peaks
(FWHMpyc-1000 < FWHMpyce00). Despite this trend, the calculated
d-spacing for HC-1000 (approximately 3.53 A) remains higher than that
of standard turbostratic carbon (approximately 3.44 A) [69], suggesting
that the overall nature of the supports is still predominantly amorphous.
In contrast, the commercial activated carbon exhibits more crystalline
ordering, with sharper reflection intensities at specific 20 values,
including approximately 26.6°, 26.94°, and 28.1°, indicating a more
developed graphitic structure. HC-600 also shows traces of ordering
through minor intensity reflections, although these are too weak to
decisively attribute to significant effects of pyrolysis. Overall, the XRD
patterns highlight the transitional state of hydrochar-derived supports
between amorphous carbon and more crystalline forms, highlighting
their potential as alternatives to activated carbon.

From the pH measurements, the impact of the pyrolysis temperature
on the oxygen content was reflected in a decreasing acidity. By means of
pH, the value of 4.0 for HC (Table 1) indicated the presence of acidic
surface functionalities, such as carboxyl, lactone, and phenol groups, as
reported in literature [70]. Ketone, quinone, alcohol, and ether func-
tionalities may contribute to the acidity, additionally [70]. The presence
of these predominantly oxygenated functionalities results in a more
hydrophilic and acidic carbon material with an increased surface charge
density. Thus, post-HTC thermal treatment tunes the carbon surface
towards less oxygenated functionalities, leading to a slight increase in
basicity. This finding aligns with the results from CHN analysis. The
reference material (AC) had a pH of 5.5, comparable to HC-1000.

The presence of nitrogen as an additional heteroatom on the support
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was also confirmed by XPS. The high-resolution N 1s photoelectron
spectra were fitted with five subpeaks, representing pyridinic (N-1:
298.3-398.4 eV), amine (N-2: 299.4-299.5eV), pyrrolic (N-3:
400.7-400.8 eV), quaternary (N-4: 401.8 eV) and oxidized (NOy: >
402 eV) nitrogen species (Fig. 3, Table S6) [71-75]. HC exhibited two
distinct nitrogen functionalities: amine and pyrrolic N, with surface
concentrations of 44 at% and 56 at%, respectively. An additional peak
observed at 398.4 eV for HC-600 can be attributed to the presence of
pyridinic nitrogen, resulting from nitrogen incorporation during the
thermal treatment process. This is consistent with the findings from CHN
analysis, where a nitrogen-enrichment was observed. For HC-1000, an
additional peak at 401.7 eV arised, which can be assigned to quaternary
N, indicating a more graphitized carbon structure, which aligns with the
Raman and XRD findings. The amine N peak disappeared due to the
thermal treatment. In addition to that, peaks at higher binding energies
(> 402 eV) appeared, and can be assigned to oxidized nitrogen species,
such as pyridinic N oxide. We can conclude that elevated temperatures
facilitate the transformation of pyrrolic and amine N into pyridinic (and
its oxidized form) and quaternary N, presumably through polymerisa-
tion and condensation reactions [76,77].

The oxygen and nitrogen content on the carbon surface, as well as the
O-to-N ratios, are presented in Table S7. Both, oxygen and nitrogen
surface groups were removed through pyrolysis. The O-to-N ratio is
highest for HC with 7, decreasing to 4.1 for HC-600 and to 1.3 for HC-
1000. This finding highlights that HC and HC-600 have a greater pres-
ence of oxygen surface groups compared to nitrogen, while the O-to-N
ratio is closer to 1 for HC-1000. This indicates that during the pyrolysis
step, primarily oxygen-containing functional groups are decomposed up
to 600 °C. As the temperature rises further to 1000 °C, nitrogen species
are also removed. The chemical composition in bulk showed a compa-
rable trend, with nitrogen enrichment up to 600 °C and then removal up
to 1000 °C (see Table 1).

3.2. Catalyst characterization

The analysis results of the herein produced catalysts as well as the
reference catalyst Ru/AC are listed in Table 1.

Due to the calcination step at 400 °C during the catalyst preparation,
the bulk chemical composition changed in comparison to the supports.
This effect was most pronounced for Ru/HC, as the support of this
catalyst was not pyrolyzed prior to calcination, resulting in an increase
in carbon content of 10 wt% and an enrichment in nitrogen by 0.8 wt%.
For Ru/HC-600, the carbon content decreased by 3.3 wt% and the ox-
ygen content decreased by 2.3 wt%, while the hydrogen and nitrogen
content remained stable. Garcia-Garcia et al. reported in their study,
that the NOy species of the precursor Ru(NO)(NO3)s are capable to
oxidize the carbon support around Ru, leading to an increased content of
carboxylic groups [42]. Those groups could decompose further and be
released as CO/COy, likely resulting in a decrease of carbon content in
Ru/HC-600. For Ru/HC-1000, a smaller decrease in carbon content of
1.8 wt% and nitrogen of 0.3 wt% was observed, indicating the addi-
tional decomposition of nitrogen.

The Ru loading measured by F-AAS ranged between 0.9 and 1.2 wt
%. Marco et al. compared undoped CNFs with nitrogen and oxygen
doped and came to the conclusion that the N-doped CNFs have a 25 %
higher Ru uptake in comparison to the other supports [43]. This finding
suggests that the presence of heteroatoms on the carbon surface affects
the adsorption capacity of the Ru precursor.

Fig. 4 shows the STEM micrographs of the Ru catalysts along with
particle size distributions. A comparison between the non-pyrolyzed Ru/
HC and the pyrolyzed samples demonstrates that pyrolysis significantly
affects the distribution of Ru nanoparticles on the carbon support. In the
non-pyrolyzed HC support (Fig. 4a)), Ru particles tend to agglomerate,
resulting in Ru-free regions on the support. In contrast, the pyrolyzed
supports exhibit a diminished tendency for Ru agglomeration, leading to
a more uniform metal distribution. This observation suggests an
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Fig. 3. High-resolution XPS spectra of N 1s for the supports, calcined and reduced catalysts with the following nitrogen species: N-1 Pyridinic-N, N-2 Amine-N, N-3

Pyrrolic-N, N-4 Quaternary-N, N-5 NO,, N-6 Ru-N.

increased availability of anchoring sites on the pyrolyzed supports, as
indicated by the XPS analysis presented in chapter 3.1. During carbon
synthesis, we confirmed that thermal treatment effectively removed
oxygen-containing groups, resulting in a decreased O-to-N ratio on the
surface, which changed from 7 for HC to 1.3 for HC-1000 (Table S7).
Conversely, nitrogen was successfully incorporated into the carbon
matrix, with its content remaining stable from HC to HC-600, followed
by a decrease in HC-1000. Additionally, the types of nitrogen species
present on the HC-derived support changed following pyrolysis, with the
appearance of pyridinic N and quaternary N. This transformation creates
new anchoring sites for Ru, as supported by existing literature [43,78,
79]. XRD confirmed an increased degree of graphitization upon pyrol-
ysis, which, in addition to nitrogen functionalities, could contribute to
the improved anchoring of Ru on the support (Figure S4) [80].
Compared to the pyrolyzed samples, Ru/AC exhibited a slightly denser
particle distribution (Fig. 4d), likely due to its microporous structure
[81]. High-resolution STEM micrographs of two individual type pristine
Ru particles are demonstrated in Figure S6. The atomic resolution mi-
crographs at the inset (i) of each figure indicate that the larger pristine
particles are mostly hexagonal in shape. The average Ru size is small
(1.3 nm to 1.5nm) for all catalysts, including the Ru/AC reference,
meaning that the Ru size is not impacted by support functionalization.
Marco et al. reported similar findings, demonstrating that Ru was
impregnated on both undoped and nitrogen- or oxygen-doped carbon
nanofibers (CNFs) without affecting the average Ru particle size [43].
Fig. 5 displays the qualitative Ho-TPR profiles obtained for both, the

supports and catalysts. The supports exhibited two low-intensity peaks
at approximately 88 °C and above 300 °C, which can be attributed to the
desorption of physisorbed water and to carbon support gasification,
respectively. The formation of CO, CO,, and CHy4 is expected in the
presence of Hy and at elevated temperatures, depending on the stability
of the carbon support. Figure S3 presents the MS profiles for the masses
15 (CHy), 28 (CO), and 44 (COy) during H,-TPR analysis. For the HC
sample, CO, formation begins at temperatures above 200 °C, as it has
not been thermally treated at such high temperatures. In contrast, CO
formation starts at temperatures above 300 °C, while CH4 formation
occurs at temperatures above 450 °C. The HC-600 sample is stable with
respect to CH4 formation up to 600 °C, but it begins to form CO, at
temperatures above 250 °C, albeit with lower intensity compared to the
HC sample. The HC-1000 sample also shows some CO, formation
starting from 250 °C, but the quantity is comparatively small. In terms of
CH4 and CO formation, HC-1000 demonstrates significant stability. This
stability is attributed to its higher degree of graphitization, as indicated
by Raman spectroscopy (Fig. 2) and XRD measurements (Figure S4). The
reference support AC remained stable as depicted in Fig. 5, which is also
attributed to the higher graphitization degree, in alignment with HC-
1000.

The HC-derived catalysts showed several peaks in the TPR spectra
with different intensities. The first hydrogen consumption peak occurred
between 88 °C and 133 °C, showing a shift towards higher temperatures
from Ru/HC-1000 to Ru/HC. This shift suggests a stronger interaction
between the Ru species and the support in the lower or non-pyrolyzed
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Fig. 5. Qualitative H,-TPR profiles of the supports and Ru catalysts.

samples, potentially attributed to differences in surface chemistry. The
O-to-N ratio is higher for HC and HC-600 (7.0 and 4.1) than for HC-1000
(1.3), indicating a greater availability of oxygen anchoring sites
(Table S7). During calcination and reduction, the ratio decreased for Ru/
HC and Ru/HC-600, while it increased for Ru/HC-1000. This indicates

that nitrogen-containing groups were decomposed in the latter catalyst
during these processes, highlighting the differences in metal-support
interactions. In this context, Garcia-Garcia et al. have also investigated
the role of oxygen surface groups in the reduction behavior of Ru when
supported on activated carbon. Their findings indicate that the presence
of oxygen groups facilitates a multi-step reduction process. During the
reduction process, CO5 is produced from the decomposition of carbox-
ylic and lactone surface groups. This CO; can be adsorbed onto the
surface of Ru nanoparticles, which helps stabilizing partially oxidized
oxidation states of Ru. On the other hand, in the absence of oxygen-
containing surface groups, a single-step Ru reduction has been
observed [42].

A multi-step reduction process is also observed for the HC-derived
catalysts, characterized by an additional consumption peak at 198 °C
for both Ru/HC-600 and Ru/HC-1000. However, the second reduction
peak is not present in the H,-TPR spectra of Ru/HC. Additional hydrogen
consumption peaks can be attributed to the gasification of the support
surrounding the Ru particles, leading to CH4 formation. This phenom-
enon is described in the literature as the Hy spillover effect. Kowalcy
et al. and Forni et al. reported that the methanation of carbon support
can be decreased by increasing their degree of graphitization [82,83].
For our catalysts, however, we did not observe any differences in the
amount of CH4, which was measured qualitatively using a mass spec-
trometer (Figure S11). The reference catalyst Ru/AC displayed a main
reduction peak at 114 °C, indicating a one-step reduction and a more
compact Ru size distribution, as shown in Fig. 4d).

Fig. 3 presents the fitted N 1s spectra of the calcined and ex-situ
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reduced catalysts with the following subpeaks: N-1 (pyridinic,
398.0-398.6 eV), N-2 (amine, 399.1-399.6eV), N-3 (pyrrolic,
400.5-401.0 eV), N-4 (quaternary, 401.5-402.0eV), N-5 (NOy,
>402 eV), N-6 (Ru-N, 399.3-399.6 eV) [39,71,72,84]. XPS analysis
revealed that the nitrogen species on the surface changed after the Ru
deposition on the non-pyrolyzed support. While the pyrrolic peak per-
sisted, the amine peak diminished. Additionally, new peaks that corre-
spond to pyridinic, quaternary, and oxygenated nitrogen species
appeared (Table S6) [73]. This transformation is attributed to the
calcination step at 400 °C, which increased the surface nitrogen con-
centration from 4.9 at% to 7.3 at%, as shown in Table S7. After the
reduction of Ru/HC, the nitrogen content decreased from 7.3 at% to
1.6 at%. This reduction was facilitated by the presence of Hy, which
catalyzed the decomposition of nitrogen groups. After metal deposition
on HC-600, quaternary and oxygenated nitrogen species were formed,
and the nitrogen content remained stable during the transition from the
calcined to the reduced state (Table S7). In contrast, Ru/HC-1000
exhibited an additional peak (N-6, 399.6 eV) in both states, which can
be assigned to pyridinic N coordinated to transition metals (M-N) [74].
This binding energy range has been previously reported for Ru-nitrogen
interactions [85]. When the O-to-N surface ratio is close to 1, sufficient
nitrogen sites are available, allowing Ru to coordinate with pyridinic N
and giving rise to the Ru-N signal (Table S6, Table S7). In contrast, at an
O-to-N ratio of 4 or higher the nitrogen density is too low, so Ru pref-
erentially interacts with oxygenated groups instead. Due to that, no
Ru-N species appeared in the N 1s spectra of Ru/HC and Ru/HC-600.

In literature, three different nitrogen species are discussed as po-
tential anchoring sites for Ru: pyrrolic, pyridinic, and quaternary N.
Both pyrrolic and pyridinic nitrogen atoms can donate p-electrons to the
n-system, thereby enhancing the electronic properties of the carbon
matrix. The resulting delocalization increases the local electron density,
which strengthens the interaction with Ru and stabilizes the metal
species [79,86]. In addition, pyridinic nitrogen provides a lone pair that
can coordinate to the vacant orbital of Ru®*, effectively anchoring the
metal ion [87]. In contrast, graphitic nitrogen, which is embedded
within the graphene plane, does not directly coordinate with Ru.
However, it plays a crucial role in tuning the electronic environment,
thereby enhancing the stability and conductivity of the carbon support
[44,88].

When comparing the nitrogen species of the HC-derived supports, it
is evident that pyridinic nitrogen may play a role in anchoring Ru
nanoparticles. This species is absent in HC (Table S6), which resulted in
a high tendency for Ru nanoparticles to clamp together, as confirmed by
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STEM analysis (Fig. 4). Pyridinic nitrogen is present in both HC-600 and
HC-1000, while quaternary nitrogen is present only in HC-1000.
Although the metal distribution is relatively good on both catalysts
(Ru/HC-600 and Ru/HC-1000), we do not see a positive impact from
quaternary nitrogen on metal distribution. Furthermore, pyrrolic ni-
trogen is present in all three supports, indicating that it also does not
have a significant impact on the anchoring of Ru nanoparticles. Chen
et al. have also reported pyridinic nitrogen as a potential anchoring site
for Ru, which also impacted the average Ru particle size. In the case of
our HC-derived catalysts, no impact of nitrogen species on the average
Ru size has been observed (Table 1).

The component fit of the Ru 3ps,y spectra into four symmetric
components is shown in Fig. 6. The presence of oxidized Ru states, in
addition to metallic Ru, is proven [84]. However, differentiating be-
tween the various Ru oxide species using only XPS is challenging due to
potential overlap. Garcia-Garcia et al. reported that Ru®™ is oxidized by
NOy species during the impregnation, drying, and calcination of the Ru
(NO)(NO3)3 precursor [42]. Consistent with this, we also observed the
presence of Ru*" in all catalysts. The additional oxide peaks observed
around 462.6 eV, and 463.0 eV cannot be directly attributed to a spe-
cific species. In addition, the authors mentioned the presence of Ru®*
and Ru™ alongside Ru**, as determined from XANES measurements. In
our study, a partial reduction of Ru oxides to metallic Ru during calci-
nation occurred, most notably on HC, as indicated by the highest
Ru®/Ru®" ratio of 0.26 among all calcined samples (Table 2). As ex-
pected, the ex-situ reduced catalysts exhibit a more pronounced peak for
metallic Ru, with the same Ru®/Ru®* ratio of 0.42 for Ru/HC-600,
Ru/HC-1000 and Ru/AC.

The binding energies of the different Ru species and their surface
concentrations, determined from XPS-data analysis are listed in Table 2.
The Ru surface concentration of the HC-derived calcined catalysts
ranges from 0.8 at% to 0.9 at%. Ru/AC exhibits a lower surface con-
centration of 0.4 at%, which remains low even in its reduced state.
Notably, the surface concentration for the reduced Ru/HC decreased
from 0.8 at% to 0.2 at%. This can be attributed to the presence of less
stable nitrogen groups, such as pyrrolic nitrogen, which may decompose
in the presence of hydrogen, thereby removing Ru from the surface. For
the other two catalysts, it increased up to 1.0 at% and 1.4 at%,
respectively.

3.3. Activity measurements of Ru catalysts in ammonia decomposition

The activity measurements of the catalysts are illustrated in Fig. 7a).
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Fig. 6. High-resolution XPS spectra of Ru 3ps/ for the supports, calcined and reduced catalysts with the Ru species: Ru®, Ru™*, Ru** and the satellite.
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Table 2
Binding energies (B.E.) and at% of Ru3ps,, core level for calcined (calc.) and ex-situ reduced (red.) catalysts, including the nitrogen and oxygen content from XPS.
Catalysts Ru’ Ru™* Ru** Ru®/Ru®*™ Ru content
B.E. (eV) at% B.E. (eV) at% B.E. (eV) at% at%
Ru/HC calc. 461.0 21 462.7 51 464.8 28 0.26 0.8
Ru/HC-600 calc. 461.1 10 462.7 56 465.0 34 0.11 0.8
Ru/HC-1000 calc. 461.2 15 462.8 55 465.0 30 0.17 0.9
Ru/AC calc. 461.1 12 462.7 49 464.8 39 0.13 0.4
Ru/HC red. 461.3 27 462.9 61 465.0 12 0.36 0.2
Ru/HC-600 red. 461.3 30 463.0 40 464.9 30 0.42 1.0
Ru/HC-1000 red. 461.3 30 462.6 41 464.7 29 0.42 1.4
Ru/AC red. 461.1 30 462.8 42 465.0 28 0.42 0.5
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Fig. 7. a) NH;3 conversion of Ru catalysts including the thermodynamic equilibrium (dashed) and the reference material (Ru/AC), measured with the standard
protocol. b) The Arrhenius plots of the Ru catalysts calculated at the temperatures 350 °C, 400 °C and 450 °C. c¢) The H; formation rates of the catalysts of this study
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Throughout the studied temperature range, the thermodynamic equi-
librium was calculated to be close to full conversion with a slight in-
crease at 300 °C to 450 °C from 95.7 % to 99.7 %. Among the catalysts
tested, Ru/HC exhibited the lowest overall activity throughout the entire
temperature range, achieving a conversion of only 4.0 % at 450 °C and
30.3 % at 500 °C. Thus, untreated HC was found to be unsuitable as a
support for Ru, presumably due to its predominantly amorphous struc-
ture and low degree of graphitization, as evidenced by Raman (Fig. 2)
and XRD (Figure S4). Additionally, the decomposition of less stable ni-
trogen species, such as amine N, during calcination and reduction may
negatively impact metal distribution, as evidenced by STEM analysis
(Fig. 4a)). In contrast, both Ru/HC-600 and Ru/HC-1000 exhibited an
improved NHs conversion, achieving 55.1 % and 53.7 % at 450 °C,
respectively, and over 90 % conversion at 500 °C. For HC-600, a decline
in conversion was observed between 500 °C and 600 °C, whereas for HC-
1000 the level of conversion remained constant. The XRD data illus-
trated an increase in the degree of graphitization with higher pyrolysis
temperatures, enhancing the structural integrity of the catalyst and
ensuring consistent catalytic performance during ammonia decomposi-
tion. The average Ru particle size of the reduced catalysts, measured
before testing, was comparably low (1.3 nm to 1.5 nm; Fig. 4, Table 1)
for all catalysts, indicating that particle size does not significantly
impact catalytic performance. On the contrary, the reference catalyst,
Ru/AC, demonstrated a lower activity at temperatures < 550 °C, with
conversions of about 39.4 % and 87.7 % at 450 °C and 500 °C,
respectively.

For all catalysts analyzed in this study, an increase of the masses 15
and 16 was qualitatively observed at T > 520 °C by the mass spec-
trometer analyzing the product gas, indicating the formation of methane
as a result of Ru-assisted support decomposition (Figure S11). Addi-
tional measurements using an FTIR to quantify methane formation were
unsuccessful, as the detected levels were below the 20-ppm detection
limit. Yet, it’s unclear why the conversion drop can be only observed for
HC-600. Thus, these points should be addressed further in future studies.
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The apparent activation energy (E,) can be determined using the
Arrhenius equation by fitting it to the reaction rate data as a function of
the inverse reaction temperature, as illustrated in Fig. 7b): Ru/HC-
1000 < Ru/HC-600 < Ru/AC < Ru/HC. The lower activation energy
observed for the HC-derived and pyrolyzed catalysts may arise from the
additional interaction between Ru and nitrogen functionalities in the
carbon support, as discussed in chapter 3.2. The stronger Ru-support
interaction (as evidenced by Hp-TPR) facilitates N-H bond cleavage,
one rate-determining step in ammonia decomposition [17]. In contrast,
Ru on conventional activated carbon lacks such stabilizing interactions,
leading to higher activation barriers.

The dependency of the Hy formation rate on the average Ru particle
size and Ru surface concentration is demonstrated in Fig. 7c). We can
conclude that the Hy formation rate does not depend on the average Ru
particle size, but it depends on the Ru surface concentration, which is the
lowest for Ru/HC with 0.2 at%.

To enable a quantitative comparison of catalytic activity, a reference
temperature of 450 °C was selected. Fig. 8a) displays the NH3 conversion
at this temperature over 16 h, measured using the same activation
procedure as in Fig. 7a). The Ru/HC-600 catalyst exhibited a significant
increase in conversion of 34.2 % during this period, while Ru/HC-1000
demonstrated a modest linear increase of only 4.9 %. Notably, after
16 h, the NH3 conversion of Ru/HC-600 surpassed that of Ru/HC-1000
by 10 %. The interaction between Ru and the support material is
influenced by the specific nature of the surface functional groups present
on the support. Variations in these surface groups can lead to differing
anchoring mechanisms, which in turn affect the stability of Ru species.
On the HC-600 support, the probability of Ru anchoring on oxygen
species is increased due to the greater availability of such sites (Table S5
and S7), which aligns with the first reduction peak shift towards higher
temperatures in the H,-TPR profiles (Fig. 5). This stronger interaction
may inhibit the complete crystallization of Ru atoms during catalyst
preparation and activation, resulting in a partially amorphous state.

Fig. 4e)-f) shows the state of the Ru nanoparticles embedded in 600



M. Guci et al.

100 = e = o e e e e
~ 801
S a)
&
‘w 60+
o
>
C
8 40-
@
= 16 h, 450 °C
= i —e— Ru/HC-1000
—e— Ru/HC-600
— — Equilibrium
0 T T T T T T T T
0 2 4 6 8 10 12 14 16 18

Time on stream (h)

Applied Catalysis A, General 709 (2026) 120616

1004 — — — — — — — — — — — — — — — — |
- so—f
S b)
5
‘n 604
[ 4
(0]
>
C
S 40
T 72 h, 500 °C
Z Ru/HC-1000
20 1 Ru/HC-600
— — Equilibrium
0 T T T T T T T T T
0 8 16 24 32 40 48 56 64 72

Time on stream (h)

Fig. 8. a) NH; conversion of the HC-derived catalysts at 450 °C for 16 h, and b) at 500 °C for 72 h.

°C and 1000 °C pyrolyzed carbon support after sustaining 16 h in NH3
decomposition. While the particle distribution inside the support looked
identical for both samples, observable differences in the crystalline
quality and size distribution can be observed. In terms of crystallinity,
the nanoparticles in 600 °C pyrolyzed sample showed a more distorted
appearance compared to the 1000 °C (insets, Figure S6). Additionally,
the average particle size after NHg conversion increased for both sam-
ples from 1.4/1.5-2.3/2.9 nm respectively, indicating some restructur-
ing of the Ru morphology during the catalytic reaction. These nano
structural variations could be related to the differences in NH3 conver-
sion rate between the pyrolyzed samples in Fig. 8).

Finally, a long-term conversion experiment was conducted, shown in
Fig. 8b). The measurements were carried out for 72 h at 500 °C to
evaluate the stability in terms of mass loss of the catalyst. The Ru/HC-
1000 catalyst achieved a conversion rate of 96.6 % after 8 h and
maintained this stability for the subsequent 64 h. The Ru/HC-600
catalyst reached a plateau at 93.5 % conversion after 24 h, showing a
slight decline of 0.7 % towards the end. The total mass loss, including
the catalyst’s activation, was 12 % for Ru/HC-1000 and 46 % for Ru/
HC-600. This finding indicates that the higher pyrolyzed hydrochar is
more stable under those reaction conditions. No clear difference in
particle size or distribution was observed in post-reaction STEM anal-
ysis, although a marginally higher particle density could be apparent per
square area in Ru/HC-1000 compared Ru/HC600 (Figure S8).

In Table 3, the catalysts synthesized in this study are compared with
selected carbon-based Ru catalysts from the literature. The HC-derived
catalysts not only demonstrate good potential but also compete effec-
tively with other state-of-the-art Ru catalysts in terms of catalytic per-
formance at 450 °C, despite their comparatively low loadings.

Furthermore, the positive impact of nitrogen surface groups on carbon
supports applies not only to our HC supports but also to other materials
reported in the literature, such as CNTs, CNFs, and OMC (ordered
mesoporous carbon) (see Table 3).

4. Conclusion

In this study, hydrochar and pyrolyzed hydrochar were evaluated as
potential supports for Ru catalysts in NH3 decomposition. The carbon
supports were synthesized via HTC and subsequent pyrolysis of chito-
san, successfully incorporating nitrogen into the carbon matrix. XPS
demonstrated the removal of oxygen-containing functional groups and a
decreasing O-to-N ratio (from 7 to 1.3) through pyrolysis. The nitrogen
content remained stable from HC to HC-600 but diminished in HC-1000.
XPS analysis indicated that HC contained only pyrrolic and amine ni-
trogen, with the latter decreasing post-pyrolysis and transforming into
pyridinic and quaternary nitrogen. For a nitrogen-free comparison,
commercial activated carbon was used.

All catalysts used within this study were loaded with 1 wt% Ru.
STEM analysis revealed a consistent average Ru size ranging from
1.3 nm to 1.5 nm across all catalysts, including the Ru/AC reference.
This consistency suggests that support functionalization does not
significantly affect Ru particle size. However, the pyrolysis step is
essential for achieving a homogeneous Ru metal distribution. This
requirement is reflected in the catalytic activity during NH3 decompo-
sition, where pyrolyzed hydrochar catalysts exhibited a 14-fold increase
in conversion compared to non-pyrolyzed hydrochar and superior ac-
tivity compared to Ru/AC at temperatures < 500 °C. The activation
energies increased in the order: Ru/HC-1000 < Ru/HC-600 < Ru/AC

Table 3

Comparison of different carbon-based Ru catalysts in ammonia decomposition.
Sample Ru loading (wt%) Feed gas WHSV Temperature NHj; conversion E, Reference

(mly gt h™H) [go) (%) (kJ mol ™)

Ru/HC 0.9 5 % NH; in He 15 000 450 4.0 130.2 This study
Ru/HC—-600 1.1 5 % NH;3 in He 15 000 450 56.0 104.7 This study
Ru/HC-1000 1.2 5% NH; in He 15 000 450 54.0 85.3 This study
Ru/AC 1.0 5 % NH; in He 15 000 450 39.0 116.8 This study
Ru/AC 4.8 100 % NH3 30 000 450 9.6 85.9 [33]
Ru/CNTs 4.8 100 % NH3 30 000 450 14.5 89.4 [33]
Ru/CNTs 2.0 10 % NHj3 in Ar 20 000 450 42.0 n.a. [89]
Ru/N-CNTs 2.0 10 % NH; in Ar 20 000 450 65.0 n.a. [89]
Ru/CNFs 3.9 5 % NHj in Ar 9900 450 72.1 n.a. [43]
Ru/N-CNFs 5.1 5% NH; in Ar 9900 450 86.4 n.a. [43]
Ru/O-CNFs 3.7 5 % NHj in Ar 9900 450 69.0 n.a. [43]
Ru/OMC 5.0 100 % NH3 6000 450 59.0 > 37 [79]
Ru/N-OMC 5.0 100 % NH3 6000 450 85.0 37 [79]
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< Ru/HC, ranging from 85 kJ mol™ for Ru/HC-1000-130 kJ mol! for
Ru/HC. Consistent with the literature, the presence of nitrogen is
believed to enhance the electronic properties of the hydrochar-derived
catalysts, as evidenced by XPS revealing the Ru-N interaction in Ru/
HC-1000. This interaction was absent in Ru/HC and Ru/HC-600,
likely due to their higher oxygen content. Furthermore, XRD analysis
indicates that the enhanced graphitization resulting from pyrolysis
favorably influences the dispersion of metal particles.

Following NH3 decomposition, the average Ru size increased for
both Ru/HC-600 and Ru/HC-1000, measuring 2.3 nm and 2.9 nm,
respectively, after 16 h at 450 °C. This size evolution is presumably
influenced by the supports’ surface chemistry, with recrystallization
processes more pronounced in Ru/HC-600, leading to enhanced con-
version rates at 450 °C.

Long-term stability tests revealed that the Ru/HC-1000 catalyst
exhibited a better mass loss resistance and consistent catalytic activity
over 72 h at 500 °C without methane formation. Methane formation was
qualitatively detected via mass spectrometry for all catalysts, starting at
520 °C.

Pyrolyzed hydrochar is a promising support for Ru in NH3 decom-
position, allowing for adjustable surface functionalization. Future
research will aim to enhance the reactivity and stability of Ru nano-
particles during ammonia decomposition by integrating various pro-
moters into the catalytic system.
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