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anoparticle size and metal–
support interactions for enhanced catalytic
hydrogen combustion†

Zohreh Akbari, *ab Mohammad Reza Alizadeh Kiapi,c Thi Ha My Pham,ab

Loris Lombardo,*ab David Fairen-Jimenez c and Andreas Zuttel ab

Catalytic hydrogen combustion (CHC) plays a crucial role in enhancing the safety and efficiency of fuel cells

and electrolysers, thereby promoting the H2 economy. To increase the catalytic activity of supported metal

particles for CHC, the active surface area can be increased through Ru fine dispersion, and intrinsic activity

can be enhanced by optimising metal–support interactions (MSIs). In this study, we report the synthesis and

CHC performance of highly dispersed Ru sub-nanoparticles on a gAl2O3 support with various Ru loadings. A

clear correlation between Ru loading and CHC mass activity was identified. The highest mass activity is

achieved at 1 wt% Ru, with a yield of 5.7 mmolH2
mol−1

Ru s−1 at 80 °C. Lower Ru loadings lead to a strong

MSI and subsequently to a lower Ru0/Ru–O ratio. Further, higher Ru loadings decrease metal dispersion,

reducing CHC activity. Operando diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)

and density functional theory (DFT) calculations confirmed the role of OH groups as key intermediates in

the CHC mechanism over the Ru-gAl2O3 catalyst. Our findings highlight the impact of Ru nanoparticle

size engineering on CHC mass activity and provide mechanistic insights and design principles for the

development of highly active Ru catalysts, showing a way forward to achieve safer, integrated and

efficient CHC utilisation.
1. Introduction

The ongoing energy and climate crises have accelerated the
transition from fossil fuels to H2 as a sustainable, carbon-free
energy carrier, enabling the large-scale integration of renew-
able energy sources. As an energy vector, H2 is crucial in driving
decarbonization efforts across diverse sectors, particularly in
energy conversion1–4 and power and heat production.5–7 To
maintain safety standards, however, the H2 concentration in an
exhaust must remain below the ammability limit of H2 in air
(4 vol%).8,9 Although the controlled combustion of residual H2

is the most effective way to mitigate this risk while improving
overall system efficiency, conventional, high-temperature
combustion methods introduce several challenges, such as
risks of ashback and NOx emissions.10,11
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Consequently, catalytic H2 combustion (CHC) has emerged
as a promising alternative, enabling the conversion of H2 to
water at temperatures below the autoignition point of H2.12,13

This approach is especially relevant in electrolysers and fuel
cells, where H2 crossover signicantly compromises safety and
efficiency.14 Particularly in electrolysers operating at high H2

pressures, a thin layer of Pt catalyst coated on the Naon
membrane is oen applied at the anode side.15 This layer
catalyses H2 combustion in the presence of O2 and enhances
both safety and stack lifetime. In fuel cells, CHC also contrib-
utes to improved energy efficiency by increasing the enthalpy of
the gas stream before the expansion turbine and ultimately
boosting the turbocharger efficiency.16

In a typical CHC process, the highly exothermic reaction
between H2 and O2 takes place in the presence of a catalyst,
yielding water as the sole product (eqn (1)).

H2 +
1
2
O2 / H2O DHH2

f
O(g) = −241.82 kJ mol−1 (1)

where DHH2

f
O(g) denotes the heat of formation of water vapour at

room temperature (RT).
Pt and Pd catalysts are commonly employed in CHC owing to

their unique ability to initiate H2 combustion at RT.17–20

Nevertheless, thermographic studies have revealed that at low
ow rates, water formation below its evaporation temperatures
extinguishes the reaction and subsequently decreases the
This journal is © The Royal Society of Chemistry 2025
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reaction rate.21 Therefore, other candidates have been investi-
gated to overcome the limitations associated with Pt and Pd-
based catalysts.22–25 Despite these efforts, most alternative
catalysts remain active only above 300 °C, limiting their prac-
tical applicability in low-temperature systems.

In addition to the metal catalyst, the support material plays
a critical role in CHC activity.25–27 The Metal-support interaction
(MSI) signicantly inuences the catalytic activity by modu-
lating the charge transfer between the metal catalyst and the
support, affecting the metal-O coordination number, the metal
nanoparticle (NP) size and dispersion.26,28,29 Supported mono-
metallic catalysts have shown strong size sensitivity in different
catalytic processes.30 Recent advances in single-atom catalysis
have further highlighted the importance of optimising MSIs to
enhance catalytic activity and stability.31 Hence, it is essential to
optimise the MSI to achieve high catalytic activity. However,
tuning the catalytic activity through MSI regulation remains
underexplored in CHC. Recently, it has been shown that by
controlling the size of the Cu NPs using different Cu loadings,
the Cu–O coordination can be tuned to achieve the highest
mass activity at 5 wt% Cu on Al2O3 support.32 However, the mass
activity only reached 0.009 molH2

mol−1
Cu s

−1, which is a relatively
low mass conversion rate for temperatures as high as 300 °C.
This highlights the critical role of MSI in determining catalytic
performance, underscoring the need for a deeper under-
standing of this interaction to achieve high activity at lower
temperatures.

Moreover, the rapid kinetics of the CHC process complicate
the elucidation of the reaction mechanism. The widely accepted
CHC mechanism for Pt and Pd catalysts involves the dissocia-
tive adsorption of O2 and H2 followed by the formation of H2O
(eqn (2) and (3). If the adsorbed water reaches a sufficient
concentration, it can dissociate back to OH (eqn (4)):33

Oads + Hads / OHads (2)

2OHads + Hads / H2Oads / H2Ogas (3)

H2Oads + Oads / 2OHads (4)

here, OHads acts as a key reaction intermediate, indicating that
the reaction pathway proceeds through hydroxyl groups.34 IR
spectroscopy studies by Zhang et al.26,32 have provided sup-
porting evidence for this mechanism over a Cu–Al2O3 catalyst.
However, to develop new catalysts, a deeper understanding of
the CHC mechanism requires advanced operando character-
isation methods.

Building on these ndings and limitations, Ru has emerged
as a promising catalyst for initiating CHC at relatively low
temperatures, with complete H2 conversion occurring just
above 100 °C.35 This prevents water-induced inhibition and
enhances system stability. Nonetheless, further insight into
maximising mass activity by tuning the MSI is needed to opti-
mise catalyst loading for practical applications.

In this paper, we describe the design and development of
well-dispersed supported Ru NPs and the optimisation of their
size to achieve the highest H2 mass conversion rate. We have
This journal is © The Royal Society of Chemistry 2025
synthesised a series of xRu-gAl2O3 (x = Ru loading in wt%)
catalysts and examined the effect of Ru NPs size on MSI and
CHC activity by varying the Ru loading (wt%). Moreover, we
investigate the kinetics of the CHC reaction over the xRu-gAl2O3

catalyst, identifying a clear trend in the CHC activity and acti-
vation energies (Ea), that points to an optimum loading of Ru.
To further elucidate the role of OH groups and the CHC
mechanism on Ru-gAl2O3, operando diffuse reectance infrared
Fourier transform spectroscopy (DRIFTS) is performed, com-
plemented by density functional theory (DFT) calculations. Our
ndings provide guidance for the effective engineering of Ru
NPs size and MSIs to achieve high CHC mass activity.
2. Experimental section
2.1. Synthesis of Ru-gAl2O3 catalysts

Commercially available gAl2O3 pellets (AlfaAesar) are crushed
into powder. As described in our previous work, a support
pretreatment is employed to enhance the MSI by introducing
OH− groups.36,37 Briey, the gAl2O3 is rst heat-treated at 500 °C
in air to remove any impurities and then immersed in a 3 M
ammonia solution. Aer ltration, the powder is washed with
hot DI water (80 °C) and dried at 120 °C overnight.

The xRu-gAl2O3 (x = Ru wt%) catalysts are synthesised
through the incipient wetness impregnation method. Ru chlo-
ride hydrate (RuCl3$xH2O) serves as the metal precursor, and DI
water as the solvent. The obtained catalyst is heat-treated at
400 °C for 2 h under forming gas (FG, 5 vol% H2 in N2). This
reduction temperature is chosen based on results obtained
from the H2 temperature programmed reduction (H2-TPR) of
RuCl3$xH2O (Fig. S1†).

Although the reduction process initiates the removal of the
chlorine ions, complete removal is hindered by diffusion limi-
tations and/or the strong adsorption of chlorine ions by Ru
atoms. To address this, an additional chemical treatment step is
performed to remove the chlorine ions using a 3 M ammonia
solution, followed by a hot DI water washing procedure.38

Subsequently, pellets with the desired size (250–500 mesh sieve)
are formed, and their CHC performance is investigated.

The heat-treatment atmosphere signicantly impacts the
resulting Ru phase and NP dispersion. An oxidising atmosphere
leads to the agglomeration of Ru atoms and the formation of
RuO2. In contrast, a reducing atmosphere stabilises the Ru NPs.
Interested readers are referred to section 2 of the (ESI),† which
describes the effects of the heat-treatment atmosphere on the
phase (Fig. S2†) and particle size (Fig. S3†) of xRu-gAl2O3

catalysts.
2.2. Catalyst characterisation

The size and distribution of the Ru NPs are measured by
aberration-corrected high-angle annular dark-eld scanning
transmission electron microscopy (AC-HAADF-STEM) using
a Thermo Fisher Scientic Spectra200 system at 200 kV.
Elemental maps are obtained by energy dispersive spectroscopy
using Super-X detectors. The surface area, pore size, and pore
size distribution are analysed by N2 adsorption/desorption
J. Mater. Chem. A, 2025, 13, 20372–20382 | 20373
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isotherm at −196 °C performed using a Belsorp maxII instru-
ment. H2 uptake measurements are also conducted using the
same instrument at−196 °C. Powder X-ray diffraction (PXRD) is
employed to characterise the crystal phases using a Bruker D8
Advance instrument with Cu Ka (l = 1.54 Å) radiation at 40 kV
and 40 mA. To study the reducibility of the catalysts, H2-TPR is
conducted by implementing thermogravimetric analysis
coupled with a mass spectrometer (TGA-MS, Netzsch). The
surface chemistry of the catalysts is examined by X-ray photo-
electron spectroscopy (XPS, Kratos Axis Supra with a mono-
chromated Al Ka X-ray source). The binding energy of the
samples is corrected by referencing the binding energy of C 1s
to 284.8 eV. The Ru content is conrmed by inductively coupled
plasma-mass spectrometry (ICP-QMS, nexION35010,
PerkinElmer).

Operando DRIFTS is used to investigate the mechanism of
the CHC reaction over Ru-gAl2O3 catalysts. The spectra are
recorded using a Bruker Tensor27 spectrometer. The setup is
equipped with a Praying Mantis high-temperature chamber
(Harrick Scientic) and a mercury–cadmium–telluride (MCT)
detector. A pellet with the exact size of the chamber (6 mm) is
made from the catalyst powder. The exhaust gas is analysed by
MS. The same temperature procedure is used for reduction, and
the CHC reaction condition is followed in the DRIFTS experi-
ments. The DRIFTS spectra are collected by averaging 38 spectra
with 2 cm−1 spectral resolution in the 800–4000 cm−1 range.
The reference spectrum is collected on the reduced sample at
RT under owing He. Water and atmospheric compensation
were applied for all spectra.
2.3. Catalytic activity tests

A schematic of the experimental setup is presented in Fig. S4.†
The CHC performance is evaluated using a xed-bed reactor. In
each test, 100 mg of the catalyst pellets are placed in the middle
of a 35 cm stainless steel tube with quartz wool, and the reactor
is housed in a furnace (Carbolite Gero). The temperature of the
reactor is controlled and monitored using two K-type thermo-
couples: one attached to the outside of the reactor and one
positioned inside the reactor, just before the reaction bed. A gas
ow of 20 ml. min−1 is supplied to the reactor using three mass
ow controllers (Bronkhorst) for FG, N2, and synthesised air
(80 vol% N2 and 20 vol% O2). The total gas hourly space velocity
(GHSV) is maintained at 6000 h−1. The exhaust gas composition
is analysed by MS (OmniStar 320, Pfeiffer Vacuum). Before
introducing the reactive gas, the catalysts are activated
(reduced) at 400 °C under FG. Aer reduction, the system is
ushed with N2 and cooled to RT. Subsequently, the reactive
gases are introduced to the reactor at a volume ratio of 4 : 2 : 96
(H2 : O2 : N2). The reactor temperature is then increased to 300 °
C with a heating rate of 1 °C min−1. The H2 conversion and
mass conversion rates are calculated using the following
equations:25,32

H2 conversion ðXH2
Þ ¼

H2; in � N2; in

N2; out

�H2; out

H2; in

(5)
20374 | J. Mater. Chem. A, 2025, 13, 20372–20382
rðH2 conversion rateÞ �molH2
molRU

�1 s�1
�

¼ XH2.
Ru amountðmolÞ�flow rate

�
molH2

s�1
� (6)

It is important to note that comparing the CHC activity of the
catalysts using eqn (6) is only valid for low H2 conversions,
where the axial change in the reactant concentration can be
neglected throughout the catalyst bed. Consequently, we
applied the Weisz-Prater Criteria39 to validate the temperature
range in which internal and external mass transfers are not
critical, and therefore, the calculated rates are not affected by
mass transfer limitations.
2.4. DFT calculation

All spin-polarised DFT calculations in this study are performed
using the Quantum ESPRESSO (QE) simulation package.40,41

The generalised gradient approximation (GGA) with the Per-
dew–Burke–Ernzerhof (PBE) functional is employed,42 com-
plemented by the D3BJ dispersion correction scheme to account
for dispersion interactions.43 The core electrons are treated
using the optimised norm-conserving Vanderbilt (ONCV)
pseudopotentials,44 and a plane-wave energy cutoff of 480 eV is
applied in all calculations. The Brillouin zone is sampled using
a 4 × 4 × 1 G-centered Monkhorst–Pack grid, but for isolated
H2, O2, and H2O molecules, only the G-point is used. Methfes-
sel–Paxton smearing45 with a width of 0.2 eV is applied for
surface/adsorbate systems, whereas a Gaussian smearing
method with a narrow width of 0.001 eV is employed for isolated
molecules. During geometry optimisations, structures are
relaxed until the maximum force on any atom is less than
0.014 eV Å−1.

Frequency calculations are conducted, using phonon calcu-
lations based on density functional perturbation theory (DFPT)
as implemented in QE, for all atoms within the adsorbates and
isolated molecules, and the frequencies of the Ru slab are
excluded to improve computational efficiency. The results of
these frequency calculations are used to compute thermo-
chemical corrections to the electronic energy (EDFT) and obtain
the Gibbs free energy (G) (eqn (7)).

G = EDFT + EZPE + Ethermal(T) − T × S(T) (7)

in this equation, EZPE represents the zero-point energy correc-
tion, Ethermal(T) denotes the thermal energy correction at
temperature T, and T× S(T) accounts for entropic contributions
at temperature T. These corrections are determined using
vibrational partition functions for adsorbed species and the
total partition functions for gaseous H2, O2, and H2Omolecules.
Details on the calculation of these correction terms are provided
in the ESI8.† All thermochemical calculations are performed at
120 °C. Transition state (TS) searches are conducted using the
nudged elastic band (NEB) method implemented in QE, with
a force convergence threshold of 0.2 eV Å−1 for TS optimisation.
This journal is © The Royal Society of Chemistry 2025
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The Ru (0001) surface is selected for modelling. A 4 × 2
supercell (cell a = 9.1709 Å, cell b = 10.5889 Å) is constructed
from the optimised orthogonalized conventional cell of Ru,
enabling the exploration of favourable adsorption congura-
tions across various potential sites on the Ru (0001) surface. The
slab model comprises three atomic layers because previous
studies indicate that this thickness is sufficient to achieve
energy convergence with minimal deviation from thicker
slabs.46 The bottom layer is xed to simulate the bulk structure,
and a vacuum spacing of 15 Å is introduced perpendicular to
the surface to minimise slab–slab interactions. Considering
that adsorbates are placed on one side of the slab, resulting in
an asymmetric unit cell, dipole corrections are applied along
the surface-normal direction to account for asymmetry iRASPA
soware package is used47 to visualise the atomistic structures
of different states.

3. Results and discussion
3.1. Effects of the Ru NP size and kinetics

The size and distribution of the synthesised xRu-gAl2O3 cata-
lysts are presented in Fig. 1. The particle size was determined
from the STEM images, and the analysis was conducted based
on 100 Ru NPs for each catalyst, revealing well-dispersed Ru NPs
in all samples. The results indicate that increasing the Ru
loading leads to larger average particle sizes and broader
particle size distributions. Among all the catalysts, 0.5Ru-gAl2O3

showed the smallest particle size, with a mean value of 0.42 ±
Fig. 1 AC-HAADF-STEM images of (a–e) xRu-gAl2O3 catalysts. The scal
each catalyst. (f) The mean particle size of xRu-gAl2O3 with respect to R

This journal is © The Royal Society of Chemistry 2025
0.06 nm. Conversely, 10Ru-gAl2O3 showed the largest particle
size, with a mean value of 1.60 ± 0.19 nm. The mean particle
sizes of the different catalysts are summarised in Table S1.†

This trend in particle size is further illustrated in Fig. 1f,
which shows the relationship between mean particle size and
Ru loading. The results indicate that the particle size follows
a geometrical correlation in which the size increases as a func-
tion of the (Ru loading)1/3. This trend aligns with the expected
behaviour, where a geometric scaling law relates metal mass to
particle size in a three-dimensional growth.

As the NP size increases, the surface-to-volume ratio
decreases, leading to a corresponding drop in dispersion (D).
Herein, D drops by 26.6% for the catalyst series from 0.5Ru-
gAl2O3 to 10Ru-gAl2O3. The details of D calculations are
provided in section 4 of the SI. D is later used to calculate the
turnover frequency (TOF) over the xRu-gAl2O3 catalysts.

To evaluate and compare the catalytic performance of xRu-
gAl2O3 catalysts during CHC, a reference test condition is
established as follows: a 100 mg pellet, a stoichiometric ratio
between H2 and O2, a gas composition of H2 : O2 : N2 = 4 : 2 :
94 vol%, and a total ow rate of 20mlmin−1 (GHSV= 6000 h−1).
A typical H2 conversion vs. temperature curve obtained for the
CHC reaction exhibits a sigmoidal shape. Note that chloride
anions poison the catalyst surface (Fig. S5†). As such, this study
only considers chlorine-washed catalysts. Section 5 in the ESI†
is dedicated to investigating the effect of chlorine ions on the
CHC performance and H2 uptake capacity of the Ru NPs.
e bar represents 20 nm. The histograms show the size distributions of
u loading (wt%).

J. Mater. Chem. A, 2025, 13, 20372–20382 | 20375
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Fig. 2a presents the effect of Ru loading on H2 conversion
(XH2

) at temperatures ranging from RT to 300 °C. The CHC
activity enhancement is attributed to the increased number of
active surface sites in samples with higher Ru loading. However,
when H2 conversion is normalised to themass of Ru, it becomes
evident that the mass activity does not increase proportionally
with Ru loading. Fig. 2b shows the H2 mass conversion rates
Fig. 2 (a) Conversion XH2
, (b) mass activity (columns) and TOF (square

points), and (c) kinetic parameters (columns as activation energy and
square points as frequency factor) of the xRu-gAl2O3 catalysts versus
Ru loading.

20376 | J. Mater. Chem. A, 2025, 13, 20372–20382
over Ru, calculated at three different temperatures, 40, 60 and
80 °C. A clear trend in the Ru mass activity is observed for all
temperatures, with 1Ru-gAl2O3 and 10Ru-gAl2O3 showing the
maximum and minimum CHC activity, respectively. As the size
of the Ru NPs changes, the number of active sites also varies. To
investigate the effect of the fraction of surface atoms and
include the size effect in the calculations, TOF is calculated
using eqn (8) (square points in Fig. 2b).

TOF

�
1 =

s

�
¼ r

�
molH2

molRU
�1 s�1

�
dispersion

(8)

The trend in TOF is similar to the mass activity for all
temperatures, conrming that using 1 wt% Ru results in the
optimal Ru NP size. Consequently, XH2

increases with higher Ru
loadings at each temperature, whereas CHC mass activity
decreases.

The kinetically controlled region is identied to study the
kinetics of the CHC reaction over xRu-gAl2O3 catalysts. We have
applied Weisz-Prater criteria to validate the absence of internal
and external mass transfers in the temperature spans 40–80 °C.
Using the Arrhenius model, the activation energy (Ea) and the
frequency factor (A, pre-exponential factor) are calculated with
results summarised in Fig. 2c. Two additional GHSVs (3000 and
12 000 h−1) were tested for 2R-gAl2O3 and provided similar Ea,
conrming the reliability of the used method to extract the
kinetic information and that the kinetic parameters are inde-
pendent of ow rate and GHSV. The resulting Ea values are
summarised in Table S2.†

As can be seen from Fig. 2c, the Ea values are of the same
order of magnitude for all xRu-gAl2O3 catalysts, with the
minimum value of 17.2 kJ mol−1 observed for 1Ru-gAl2O3

catalyst.
Variations in the TOF and Ea values demonstrate that

changes in the Ru loading inuence the Ru NPs' size and their
intrinsic catalytic activity, indicating the involvement of addi-
tional factors affecting intrinsic activity, such as size-dependent
modications in MSIs. These modications can alter the xRu-
gAl2O3 interface, impacting the nature and intrinsic properties
of the Ru active sites.
3.2. Evaluation of the physicochemical properties

MSI signicantly inuences catalytic activity by altering elec-
tronic interactions and charge transfer.48 To assess changes in
MSI with varying Ru particle sizes and determine the reduction
properties of the catalysts, H2-TPR measurements are per-
formed. Fig. 3a displays the normalised ion current of H2,
detected by MS, for all the catalysts. Given that the Ru loading is
low in 0.5 and 1Ru-gAl2O3, the signals exhibit some noise.
Notably, the catalyst with the lowest Ru content, 0.5Ru-gAl2O3,
displays the highest reduction temperature, indicating the
presence of a strong MSI (SMSI). Such strong interactions result
in reduced catalytic activity compared to 1Ru-gAl2O3, aligning
with previous studies, where SMSI hinders the catalytic
activity.49,50 The reason for diminished catalytic activity as
a consequence of SMSI is the increase in the metal-O
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) H2-TPR profiles and (b) PXRD patterns of the xRu-gAl2O3 catalysts. The H2-TPR tests are conducted under FG with a flow rate of 20
ml min−1 and a heating rate of 10 °C min−1.

Table 1 The calculated ratio of Ru0 to RuOx, based on the XPS analysis

Catalyst 0.5Ru-gAl2O3 1Ru-gAl2O3 2Ru-gAl2O3 5Ru-gAl2O3 10Ru-gAl2O3

Ru0/RuOx 0.8 2.1 1 1.8 1.3
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coordination number.32 The higher Ru–O compared to metallic
Ru in the case of 0.5Ru-gAl2O3 catalyst is further conrmed by
the lowest Ru0/RuOx ratio obtained from XPS analysis (Table 1).
The SMSI in 0.5Ru-gAl2O3 catalyst is consistent with a study by
Yan et al.,51 where they showed that an SMSI is expected at low
Ru loadings (<1 wt%) on gAl2O3 supports. The origin of MSI is
likely the adsorption of positively charged Ru ions on the
hydroxylated gAl2O3 support during the synthesis procedure.52

The minimum reduction temperature is achieved as the Ru
loading increases to 2 wt%. This is an indication of Ru nano-
cluster formation with lower MSI.51 Although 2Ru-gAl2O3

exhibits the lowest reduction temperature, this does not
necessarily correspond to higher mass activity, as seen in the
CHCmass activity values (Fig. 2b). This discrepancy arises from
the combined effects of weaker MSI and lower catalyst disper-
sion compared to 1Ru-gAl2O3 (Table S1†). Moreover, previous
studies have also shown that achieving the highest catalytic
activity requires an optimal MSI, which can be tuned by
controlling the size of the NPs.53,54 Therefore, obtaining a high
mass activity in CHC necessitates a balance between an optimal
MSI and catalyst dispersion, which is achieved with 1Ru-gAl2O3

in our case.
Moreover, the TPR peak shis to higher temperatures for the

change in Ru loading from 2 to 10 wt%. This can be explained
by the growth of the NPs as measured from the AC-STEM-
HAADF images (Fig. 1). Also, the multiple peaks observed in
the TPR prole of 5 and 10Ru-gAl2O3 are due to the broader size
distribution of the Ru NPs.

PXRD measurements are performed to determine the crys-
tallinity and phases present in the catalysts (Fig. 3b). The
absence of any sharp metallic Ru peaks conrms the formation
of well-dispersed Ru NPs.
This journal is © The Royal Society of Chemistry 2025
To evaluate the inuence of the surface area of the 0.5, 1, and
2Ru-gAl2O3 catalysts on their catalytic properties, N2 gas
adsorption/desorption measurements are performed. The ob-
tained N2 adsorption/desorption proles are shown in Fig. S6a.†
The obtained surface areas for the 0.5, 1, and 2Ru-gAl2O3 are
222, 216, and 215 m2 gr−1, respectively, whereas gAl2O3 has
a BET surface area of 200 m2 gr−1. Similar values were expected
because the Ru loading is low. Introducing Ru NPs onto gAl2O3

increases the number of pores below 5 nm, which is due to the
impregnation of Ru. All three catalysts exhibit similar pore sizes
and distributions; thus, the differences in CHCmass activity do
not originate from catalyst porosity.
3.3. Evaluation of the electronic properties

XPS measurements are conducted on the reduced catalysts to
elucidate the surface chemistry and the state of Ru. The XPS
spectra are provided in Fig. 4, revealing the coexistence of
metallic Ru (Ru0) and oxidised Ru (RuOx) states in all catalysts. As
we later conrmed by DFT calculation, the dissociative adsorp-
tion of O2 on Ru presents no energy barrier. Hence, the presence
of the oxide phase aer reduction is expected owing to partial
surface oxidation, considering that it was exposed to the air.

Table 1 shows the calculated ratio between the two Ru states
(Ru0/RuOx). Notably, RuO2 is identied as the predominant Ru
oxide phase. The lowest Ru0/RuOx ratio is obtained for 0.5Ru-
gAl2O3, consistent with its smallest particle size. This results in
the maximum number of exposed surface Ru atoms, which are
more prone to oxidation upon environmental exposure. In
contrast, the highest Ru0/RuOx ratio is observed for 1Ru-gAl2O3,
consistent with our ndings that a 1 wt% Ru loading provides
the optimal MSI and Ru NP size, thereby achieving the highest
CHC mass activity.
J. Mater. Chem. A, 2025, 13, 20372–20382 | 20377
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Fig. 4 XPS Ru 3d spectra of the (a–e) 0.5, 1, 2, 5, and 10 gAl2O3 catalysts. The dotted points are experimental data, and the red lines are the fits.
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For 2Ru-gAl2O3, the weaker MSI facilitates easier oxidation
upon exposure to the environment, resulting in a lower Ru0/
RuOx ratio. Meanwhile, the 5Ru-gAl2O3 catalyst, which has
a larger particle size than 2Ru-gAl2O3, exhibits fewer exposed Ru
atoms and is less susceptible to oxidation. Consequently,
a higher Ru0/RuOx ratio is observed owing to the increased
proportion of bulk metallic Ru.
Fig. 5 DRIFTS spectra of 1Ru-gAl2O3 catalysts under reactive gas
(4 vol% H2, 2 vol% O2, and 94 vol% He), from 20 to 300 °C. The
reference spectrum (first spectrum from the bottom) is taken on the
reduced catalyst at 20 °C.
3.4. Mechanistic study

3.4.1. Operando DRIFTS. DRIFTS is conducted to investi-
gate the CHC reaction over the 1Ru-gAl2O3 catalyst. A pellet of
1Ru-gAl2O3 is pressed and placed inside the high-temperature
chamber, which is enclosed by a dome with a ZnSe window.
The pellet is rst reduced under 10 vol% H2, rest He at 400 °C
for 1 h, then ushed with He for 1 h at 400 °C to remove residual
H2. Aer cooling down to RT under He, a background spectrum
is taken. Subsequently, the reactive gas (4 vol% H2, 2 vol% O2,
and 94 vol% He) is fed to the chamber. Then, the temperature is
ramped from RT to 300 °C at 2 °C min−1. The recorded spectra
are presented in Fig. 5. We have identied three main regions:

(1) The broad peaks at 3000–3750 cm−1 arise from the
stretching of the different types of OH groups formed on the
catalyst's surface.55,56 Based on previous studies,57–59 the peaks at
3630 and 3710 cm−1 do not correspond to the adsorbed OH on
the surface of the gAl2O3. As a result, we assign these peaks to
the formation of OH species on the Ru NPs.55 While the inten-
sity of the peak at 3710 cm−1 increases as the temperature rises,
the intensity at 3630 cm−1 decreases.

(2) The small peak around 1650 cm−1 arises from the OH
bending of water molecules formed during the reaction.34

(3) A peak around 1830–1890 cm−1 appears at temperatures
above 100 °C. It has been shown that oxide materials can give
rise to overtone peaks in the 1800–2200 cm−1 range.60–62
20378 | J. Mater. Chem. A, 2025, 13, 20372–20382
Hadjiivanov et al.60 have assigned this peak to the oxidation of
Run+ ions to Ru4+ in the presence of O2 in a hydrated RuOx

phase. Thus, we assigned this peak to the formation of RuOx

under the CHC reaction. To evaluate our assignment, we
reduced the catalyst and found that this peak vanished as the
temperature increased.

From points 1 and 2, we can conclude that even at RT, the
catalyst is active toward the CHC reaction, as evidenced by the
presence of the aforementioned OH evolution peaks. Moreover,
This journal is © The Royal Society of Chemistry 2025
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Fig. 2a and 5 indicate that the CHC reaction over the 1Ru-gAl2O3

catalyst proceeds through an OH group-involved pathway. This
conclusion is supported by the observed increase in peak
intensity at 3630 and 3710 cm−1 with rising temperature. DFT
calculations are used to further assess this observation and gain
more mechanistic insights.

3.4.2. DFT study. Thermodynamically, Ru crystallises in
the hcp structure, and owing to its high cohesive and surface
energies, it favours growth on {0001} facets.46,63,64 Ugur et al.65

have shown that between 300 and 400 °C, RuO2 reduction to Ru
starts immediately aer exposure to H2. Therefore, in our work,
aer the activation process at 400 °C, we assume only metallic
Ru with {0001} facets are exposed to the reactive gas. We per-
formed DFT to gain more insight into the interaction of Ru NPs
with H2 and O2, as well as to provide a deeper mechanistic
understanding of the role of OH group formation in the CHC
reaction.

First, we examine the interactions between the Ru (0001)
surface and key atomic and molecular species involved in the
reaction process, including H, O, H2, O2, OH, and H2O.
Adsorption studies are performed at typical sites - top, bridge,
hollow hcp, and hollow fcc - using multiple possible
Fig. 6 (a) The CHC reaction pathway over the Ru (0001) surface. The sim
direction for better visualisation. (b) Gibbs free energy profiles and corre

This journal is © The Royal Society of Chemistry 2025
orientations for the H2, O2, and H2O molecules. This enables us
to identify the most energetically favourable adsorption
congurations for the reactants, products, and intermediates
(H, O, and OH) on the Ru (0001) surface. The resulting reaction
pathway, Gibbs free energy proles, and corresponding
adsorption congurations for the CHC reaction are shown in
Fig. 6. The top and side views of all the states are provided in
Table S3.†

The interaction between the H2 molecule and the Ru (0001)
surface was modelled as a two-step process involving adsorp-
tion and subsequent dissociation. In contrast, O2 dissociation
was found to occur spontaneously, with no Gibbs free energy
barrier, making direct dissociation highly favourable. This is
consistent with the DRIFTS results, where the oxidation of Ru
NPs is evidenced by the appearance of a peak around 1830–
1890 cm−1.

Additionally, the Gibbs free energy change for the dissocia-
tion of O2 into oxygen adatoms, combined with the adsorption
of H2 (State0/ State1), is calculated to be−5.4 eV, highlighting
the strong binding affinity between oxygen adatoms and the Ru
(0001) surface. This is signicantly stronger than the Gibbs free
energy change of −0.64 eV for the dissociation of H2 (State1 /
ulated cell is expanded 3 times in the x-direction and 2 times in the y-
sponding adsorption configurations at 120 °C.

J. Mater. Chem. A, 2025, 13, 20372–20382 | 20379
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State3). The H2 molecule preferentially adsorbs on the top site
of the Ru(0001) surface, aligning parallel to the surface (State1).
Once adsorbed, H2 readily dissociates into two H atoms (State3)
with a very low Gibbs free energy barrier of 0.03 eV, demon-
strating the surface's high catalytic efficiency for H2 dissocia-
tion. The most energetically favourable site for the dissociated
oxygen adatoms is the hollow hcp site, whereas dissociated
hydrogen atoms preferentially occupy the hollow fcc sites.
These ndings are consistent with results obtained in previous
computational and experimental studies.46,66,67 Then, the reac-
tion between oxygen and hydrogen species to form surface OH
species (State3 / State5) on the Ru (0001) surface proceeds
with an energy barrier of 0.84 eV.

The adsorbed OH species preferentially occupy the hollow
fcc site (State5). Hence, during the second transition state
(State4), the oxygen and hydrogen adatoms migrate to the
nearest hollow fcc site to facilitate the reaction and take on the
most stable conguration. Subsequently, H2O is formed (State5
/ State7) through the reaction between OH and hydrogen
species, with an energy barrier of 1.01 eV. Unlike OH, the H2O
molecule favours adsorption at the top site. During the third
transition state (State6), the OH and hydrogen species move to
the nearest top site to form the adsorbed water molecule. This
demonstrates the role of formed OH groups on the Ru NPs in
the reaction pathway, as we observed by DRIFTS.

The desorption of the H2O molecule from the Ru (0001)
surface (State7 / State8) is slightly endothermic, with an
energy change of 0.15 eV, indicating that the water molecule can
be readily removed. The calculated energy barriers for the
transition states (State2, State4, and State6) reveal that the
formation of the H2O molecule is the rate-determining step in
the overall catalytic process on the Ru (0001) surface.
4. Conclusion

We synthesised well-dispersed sub-nano-sized xRu-gAl2O3 (x =

0.5, 1, 2, 5, and 10) catalysts through the incipient wetness
impregnation method and evaluated their catalytic activity for
the CHC reaction. By controlling the Ru particle size through
varying Ru loadings, we optimised the MSI and Ru oxidation
state to achieve the maximum CHC mass activity. A distinct
relationship was identied between the CHC mass activity or
turnover frequency (TOF) and Ru nanoparticle (NP) size. The
highest CHC mass activity and TOF were achieved with an
optimal Ru particle size of 0.75 ± 0.12 nm, corresponding to
a 1 wt% Ru loading. At this loading, the catalyst exhibited
a maximum mass activity of 5.7 mmolH2

mol−1
Ru s−1 at 80 °C.

Kinetic studies further revealed that the minimum activation
energy for the CHC reaction (17.2 kJ mol−1) coincided with the
optimal Ru NP size.

Additionally, operando DRIFTS was conducted to investigate
the CHC reaction mechanism using the 1Ru-gAl2O3 catalyst.
The critical role of OH groups as intermediates in the CHC
reaction was conrmed, as supported by DFT calculations.
These insights provide a comprehensive understanding of the
structure–performance relationship and the reaction
20380 | J. Mater. Chem. A, 2025, 13, 20372–20382
mechanism, guiding the design of highly efficient Ru catalysts
for CHC applications.
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