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Introduction

Reduction of RuO, nanoparticles supported on
silica by organic molecules: a strategy for
nanoparticle redispersiont

Gabriel Fraga, ©2°¢ Muxina Konarova, &€ Laurence Massin,®
Athukoralalage Don K. Deshan, © 2 Darryn Rackemann, & 2° Bronwyn Laycock,®
Steven Pratt® and Nuno Batalha @ *¢

High metal surface area is a critical parameter in metal-based supported heterogeneous catalysts. However,
supported metal nanoparticle coalescence or sintering is inevitable and a cause for catalyst deactivation.
While reversing the sintering process is challenging, it is an essential topic as this would further extend
catalyst use and reduce the consumption of critical raw materials often used in catalysts, e.g., noble
metals. The cyclic oxidation—reduction of supported metal nanoparticles is commonly reported as
a method for redispersing supported metal nanoparticles. While multiple molecules can be used to
reduce supported metal oxide nanoparticles, H, is the primary reducing agent used when performing
redispersion via oxidation/reduction. Yet, replacing the H, with other organic molecules could
significantly impact the redispersion phenomena as it is well-known that metal nanoparticles’
configuration is affected by molecular adsorption. Herein, we explored organic molecules as reducing
agents to reduce silica-supported ruthenium oxide nanoparticles (RuO,/SiO,). Six compounds were
evaluated: methanol, ethanol, isopropanol, acetone, heptane, and cyclohexane, and the results were
compared to the conventional reduction with H,. The products and the energy released showed two
pathways: (i) conversion of RuO, to metallic Ru due to oxidative dehydrogenation and oxidation of the
reducing agents, and (i) dehydrogenation of the organic molecules when enough metallic Ru is
available. The energy released during reduction was substantially lower with organic molecules (27-85
kJ molRuoz‘l), as opposed to H, (156 kJ molRuoz‘l). In addition, smaller Ru nanoparticles resulted from
the reduction of organic molecules (4.5-7.0 nm) instead of H, (11.9 nm). This observation was attributed
to a redispersion phenomenon, which was not observed when using H,, supported by the existence of
clusters of small nanoparticles, which were, in turn, impacted by the kinetics of the reduction reaction.
The Ru/SiO; catalyst was employed in the furfural hydrogenation reaction as a model reaction, where all
catalysts reduced with organic compounds displayed a two-fold increase in activity compared to those
reduced with H,.

such as Fischer-Tropsch synthesis, methanol synthesis,
hydrogenation, dehydrogenation, and catalytic reforming.”
While high metal surface area is a critical parameter in metal-

The chemical and petrochemical industries heavily rely on
metal-based heterogeneous catalysts, typically supported on
high-surface-area inorganic materials, such as gamma-alumina,
silica, and zeolites." These catalysts are employed in reactions

“Centre for Agriculture and the Bioeconomy, Queensland University of Technology,
Brishane, QLD, 4000, Australia

*School of Mechanical, Medical, and Process Engineering, Faculty of Engineering,
Queensland University of Technology, Brishane, Queensland 4000, Australia

°School of Chemical Engineering, Faculty of Engineering, Architecture and Information
Technology, The University of Queensland, St Lucia, QLD 4072, Australia

Université Claude Bernard Lyon 1, CNRS, IRCELYON, UMR 5256, Villeurbanne, F-
69100, France. E-mail: nuno.rocha-batalha@ircelyon.univ-lyon1.fr

(ESD) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ta08563a

This journal is © The Royal Society of Chemistry 2025

based heterogeneous catalysts as it defines the active surface
for reaction,® multiple phenomena can contribute to mini-
mizing this parameter. For instance, supported metal nano-
particle coalescence or sintering is known to occur during
reaction conditions, leading to a substantial decrease in the
catalyst's active surface and its subsequential deactivation.**°
Reversing the sintering process is particularly challenging as
thermodynamics favors the phenomenon with a driving force
that increases exponentially with the decreasing particle size."*

As the impact of catalyst deactivation by sintering is quite
significant in industrial processes that use metal-supported
catalysts, considerable effort has been dedicated to reversing
this process as a catalyst recycling or regeneration strategy.™
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Indeed, the first references to the reactivation of metal catalysts
date from the early 1940's.">** Multiple methods exist in the
literature for converting large nanoparticles into smaller ones.
For instance, halogens like Cl and I in gas form, e.g., HCI, Cl,,
and ICHj3;, among others, have been used to redisperse metal
nanoparticles.'* Despite the success of this method, it can lead
to the deposition of residual amounts of halogen in the catalyst,
which alters its catalytic properties and can lead to deactiva-
tion.”™ An alternative method for the redispersion of supported
metal particles consists of submitting the catalyst to repeated
cycles of oxidation/reduction. Unlike redispersion by halogen
interaction, which occurs via increased mobility of halo-metal
particles, redispersion by oxidation/reduction follows a “strain
model” based on modifying the strain caused by the different
densities of oxide and metal." Thus, redispersion occurs when
oxide and metal coexist in the particles. For this reason, short
cycling times are typically used, particularly during the reduc-
tion stage when sintering is favored. While redispersion by
oxidation/reduction has been extensively studied in the litera-
ture, the main focus has been on the impact of process condi-
tions, such as temperature, treatment time, and metal nature.™
A few studies also focused on using alternative reducing and
oxidizing agents, particularly CO, as replacements for the
standard H,, which is known to favor sintering.'®'” Using other
molecules to promote the reduction of the oxide particles, in
alternative to H,, could help improve the efficiency of the
oxidation/reduction strategy for metal redispersion.'®

Even though the reduction of the metal oxide nanoparticles
is generally done at high temperatures in the gas phase, typi-
cally via reaction with H,," conditions which tend to favor
sintering, a few other methods have been reported in the liter-
ature. For instance, supported metal oxides have been reduced
at a laboratory scale via wet chemical reduction methods. Some
typical alternative reducing agents are metal borohydrides
(NaBH, and KBH,),**?* hydrazine (N,H,),**>° and formalde-
hyde.?*?*3%%1 For instance, it has been shown that different
reducing agents can modify the morphology and dispersion of
platinum nanoparticles, which impacts catalytic activity.***
Moreover, metal sintering has been observed to be more intense
in H, when compared with NaBH, >**** or hydrazine.”” Metal-
support interactions were also shown to affect the degree of
sintering in the reduction using formaldehyde, with particle
migration and coalescence being the prominent mechanism.*
These reducing agents also allow mild reduction conditions,*
which can potentially benefit the catalytic properties by
promoting well-defined metal nanocrystal facets.>® Neverthe-
less, some compounds present in these reducing agents, such
as boron, sodium, and potassium, are partially impregnated in
the catalyst and cause pore blockage and surface area reduction,
ultimately affecting the catalytic performance.>*** Additionally,
these compounds would face challenges for large-scale appli-
cation since metal hydrides and hydrazine are toxic, explosive,
and corrosive. Therefore, their application in the recycling of
metal supported heterogeneous catalysts seems unlikely.

In the literature, the study of supported metal nanoparticle
reductions is primarily focused on the metal particles with
complete disregard for the fact that this process is a chemical
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reaction, where the supported metal oxide nanoparticles oxidize
a molecule while being reduced simultaneously (redox reac-
tion). Indeed, metal oxides are traditional oxidation catalysts
employed, among other uses, in reactions such as methanol to
formaldehyde, ethylene to ethylene oxide, propylene to acrylic
acid, and catalytic oxidation of volatile organic compounds
(VOCs).?”*® Although the final product varies according to the
organic molecule, it follows a redox reaction, where lattice
oxygen is removed with the consequent formation of an anion
vacancy, which is then regenerated by an oxidant, like O, (Mars-
van Krevelen mechanism).* In the absence of an oxidant, it is
expected the oxide is converted into metal, much like what
already occurs with H,. For example, Maia et al. demonstrated
that Ni*" is reduced to Ni° through the oxidation of isobutane.*
While examples of the supported metal oxide particle reduction
through the oxidation of organic molecules are scarce, doing so
could bring significant benefits for the recycling of metal cata-
lysts via oxidation/reduction redispersion since the interaction
between gas molecules and metal nanoparticles significantly
impacts the particles shape enabling in some cases to stabilize
metastable configurations,** potentially helping to improve the
metal dispersion.

In this view, we report the reduction of silica-supported
ruthenium oxide nanoparticles (RuO,/SiO,) into their metallic
form (Ru/SiO,) through the oxidation of six organic molecules,
viz., methanol, ethanol, isopropanol, acetone, heptane, cyclo-
hexane, and H,. A catalyst sample with a large RuO, nano-
particle size (16.2 nm) was used to evaluate the redispersion
phenomena. The reduction process was studied from multiple
perspectives, such as the products obtained from the oxidation
of the multiple reducing agents by RuO,, the energy released
during the reaction, and the impact of the reduction process on
the resulting Ru nanoparticles. Thus, providing the basis for
a comprehensive view of the reduction process of supported
RuO,. Finally, the obtained metallic catalysts were used to
promote the hydrogenation of furfural as a model reaction to
understand the impact of the reduction process on the catalytic
performance of the material.

Experimental
Materials

Methanol, anhydrous ethanol, isopropanol, acetone, heptane,
and cyclohexane were acquired from Sigma Aldrich and used as
received. Calcium oxalate monohydrate (98% - CaC,0,-H,O -
Sigma Aldrich) was used as a standard for calibration of mass
and Pt/y-Al,O; (prepared by incipient wetness impregnation
from H,PtCls- xH,O - Sigma Aldrich) for calibration of enthalpy.

Catalyst preparation

The catalyst was synthesized by the incipient wetness impreg-
nation method (IWI), where the precursor RuCl;-xH,O (Sigma
Aldrich) was added to the support SiO, (Alfa Aesar) to achieve
3% metal loading. After drying the remaining powder in air
overnight at 105 °C, the solid was calcined at 500 °C (2 °

This journal is © The Royal Society of Chemistry 2025
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Cmin ') for 5 hin static air (§=197.0m*g ', V, =1.0cm’ g/,
Ru (% weight) = 2.92).

Temperature-programmed reduction (TPR)

The catalyst samples (500 mg, particle size 0.425-0.600 mm)
were placed inside a tubular quartz reactor, and the catalyst bed
was located in the middle of the tubular furnace to ensure
a homogeneous temperature profile. The samples were pre-
treated at 400 °C for 30 min under argon (50 mL min~") prior
to the experiment to remove adsorbed moisture. After, the
samples were cooled down to 100 °C and heated to 375 °C at 4,
6, and 8 °C per minute under a continuous flow of reducing
agent (5% in argon). The reducing agent gas mixture was
prepared by bubbling argon (50 mL min ") through a saturator
containing methanol, ethanol, isopropanol, acetone, heptane,
or cyclohexane. The temperature of the saturator was controlled
by a thermostatic bath and was modified to ensure the gas
outlet composition was 5 vol% (saturator temperature: meth-
anol (4 °C), ethanol (17 °C), isopropanol (23 °C), acetone (—11 °
C), heptane (21 °C), or cyclohexane (5 °C). A mixture of 5% H, in
N, was used to compare with the traditional reduction method.
An SRS RGA300 quadrupole mass spectrometer (MS) monitored
the gases formed online during the catalyst reduction, ie.,
recording between 100 °C and 375 °C. The decomposition of
CaC,0,-H,0 (50 mg) was used to calibrate used to calibrate the
masses of H,O (m/z = 18), CO (m/z = 28), and CO, (m/z = 44)
(Fig. S17) for the mass balance of oxygen.*»** The calibration
was performed 3 times to ensure reproducibility. CO, (m/z = 44)
has a fragment with m/z = 28, which was used to follow CO. The
contribution of CO, fragmentation to m/z = 28 was experi-
mentally measured to be 9% of m/z = 44 and was accounted for
in the quantification of CO (m/z = 28).

Enthalpy of reaction

The temperature of the catalytic bed was measured online
during the experiments by a K-type thermocouple located inside
the reactor in direct contact with the bed. After each TPR
experiment, a reference temperature (Teontrol) Was determined
by cooling the reactor to 100 °C under pure argon and then
heating it again following the same ramp used for the TPR
experiment. The difference in temperature between the experi-
ments (AT = Trpr — Teontrol) Was plotted, and the area under the
curve is related to the enthalpy of the reaction through corre-
lation with a calibration standard.

The enthalpy of reduction of Pt/y-Al,O; with H, (AHyeq =
—103 kJ moly;, ') was used as the standard for calibration.* The
catalyst was prepared by incipient wetness impregnation (IWI)
using v-Al,O; from Alfa Aesar. Three experiments with 500 mg
of catalyst were conducted, and the temperature was measured
in the catalytic bed. Three different metal concentrations were
prepared (2%, 3%, and 5% weight) to obtain different amounts
of heat released, and a standard curve was used as calibration
(Fig. S21). The concentration of Pt in the catalysts was verified
by ICP measurements.

This journal is © The Royal Society of Chemistry 2025
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Activation energy

The activation energy of the reaction between silica-supported
RuO, and the different reducing agents was determined by
the Flynn-Wall-Ozawa method.*>** This model-free method
allows for the calculation of the activation energy based on
measuring the temperatures corresponding to fixed values of
conversion at different heating rates, according to the equation
below:*

E,
Ln g =5.523 — 1.052 (RT)

where, E, = activation energy (J mol "), R = ideal gas constant
(8.314 ] mol ' K™ %), 8 = heating rate (K min™").

By plotting In() against 1/7, the slopes give —E,/R. Heating
ramps of 4, 6 and 8 °C min~" were applied, and the plots were
generated. The activation energy was estimated using the H,O
signal (m/z = 18) as a reference, which is produced with all
reducing agents applied. Three different percentages of the H,O
peak area were used, ie., 30%, 50%, and 70% for the
calculations.

Nanoparticles characterization

Prior to XRD, HRTEM, and XPS analysis, 250 mg of catalyst
samples were reduced in a 100 mL autoclave reactor (Parr model
4566C, Parr Instrument Company) with each one of the organic
reducing agents (1.5 g) under 6 bar argon at their respective
reduction temperatures (Tpeax), for 1 h and without stirring.
Following, the solvent was evaporated under argon flow at 350 ©
C for 30 minutes. The samples had minimal but some exposure
to air prior to the analysis.

Powder XRD was performed on a Bruker D8 Advance MKII
XRD diffractometer with Cu Ko radiation (A = 1.54184 A)
operating at 30 kV and 25 mA. Data was collected with a range of
26 from 10 to 80° and a step size of 0.01°.

The surface-averaged particle size distribution of samples
treated with different reducing agents was determined by
counting at least 200 particles from images obtained by high-
resolution transmission electron microscopy (HRTEM) Hitachi
HF5000 Cs-STEM/TEM and applying the formula (D = Snd;’/
Sn;d;%), where D is the particle size (nm), 7; is the number of
particles with diameter d;.** The percentage of clusters of
particles was determined based on the number of clusters
identified while measuring the 200 particles. The cluster size
was determined based on the number-averaged size (D = =n;d;/
2n;). The line scanning measurements and elemental mapping
of Ru, O and Si were obtained using the same equipment.

The surface chemistry of the catalysts was monitored by
a Thermo Scientific™ Nexsa G2 X-ray photoelectron spectrom-
eter (XPS) equipped with a monochromatic Al Ko (1486.6 eV).
High-resolution core-level spectra of Si 2p, O 1s, C 1s Ru 3d, and
Ru 3p were recorded using monochromated Al Ko. X-rays (1486.6
eV)with a 30 eV pass energy. Charge neutralization was required
for all samples. XPS analysis area was 400 pm spot mode, an
ellipse of ca. 600 pm by 400 um. Thermo Scientific™ Avantage
Software was used to analyze and fit the data. The peaks were
referenced to Si 2p fixed at 103.7 eV.
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Fig. 1 MS analysis of H,O (m/z = 18), CO (m/z = 28), CO, (m/z = 44) obtained by temperature-programmed reduction (TPR) with different
organic compounds at 5% molar concentration in argon using a heating ramp of 4 °C min~*. The dashed lines show the temperature after which
H, formation was observed.
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Furfural hydrogenation

The hydrogenation reactions were conducted in a 100 mL
autoclave reactor (Parr model 4566C, Parr Instrument
Company) under continuous stirring. The Ru/SiO, catalyst (250
mg) was reduced prior to the reaction with each one of the
organic reducing agents (1.5 g) under 6 bar argon at their
respective reduction temperatures (Tpeax), for 1 h and without
stirring. Following, the catalyst was dried via evaporative drying
at 350 °C under a continuous argon flow. For H, reduction, 6
bar H, was used, and the same procedure was followed to allow
for a comparison between the results. A control experiment was
conducted where the catalyst was not reduced prior to the
reaction. For the hydrogenation reaction, furfural (250 mg) and
water (50 g) were injected into the reactor with the aid of
a syringe to avoid exposing the catalyst to air. Before starting the
test, the reactor was flushed with H, and pressurized at 6 bar.
The reactor was heated to 80 °C with a 5 °C min~" ramp using
an electric furnace, where the time was considered from the
moment the temperature was reached. After 1 hour reaction
time, the vessel was quenched to ambient temperature, and the
gases were released.

The liquid samples were analyzed using a Shimadzu GC-
2010 gas chromatograph coupled with a flame ionization
detector (FID) with an HP-ULTRA-1 column (length: 25 m;
internal diameter: 0.20 mm and film thickness: 0.33 um). After
catalyst removal via filtration, 3 pL was injected. The furfuryl
alcohol mass yield was determined as follows: mass yield fur-
furyl alcohol = (final concentration of furfuryl alcohol/initial
concentration of furfural) x 100.

Results and discussion
Oxidation of organic compounds during RuO,/SiO, reduction

The reduction of RuO, particles deposited over SiO, (RuO,/SiO,)
by methanol, ethanol, isopropanol, acetone, heptane, and
cyclohexane was studied under increasing temperature, at 4, 6,
and 8 °C min . The profiles of H,O (m/z = 18), CO (m/z = 28),
and CO, (m/z = 44) obtained at 4 °C min~" are presented in
Fig. 1. As a reference, RuO,/SiO, was also reduced with 5% H, in
N, (Fig. S31), leading to a sole peak at 159 °C, as already re-
ported in the literature.*>* The reduction of RuO,/SiO, by the
action of H, was accompanied by H,O production, with no other
products being detected.

Mass and energy balance

At least 74.4% of the mass of oxygen from the metal oxide could
be accounted for in all the organic molecules evaluated (Fig. 2),
indicating H,0, CO, and CO, represent most of the products
generated during reduction of RuO,/SiO,. Note that the oxygen
from the oxygenated reducing agents (alcohols and acetone) has
been discounted from the mass balance to account only for the
oxygen removed from the metal oxide. While partial oxidation
of the reducing agent molecule into products that are not
detected could account for the missing oxygen, other
phenomena, such as the well-known propensity of silica to be
hydroxylated by H,0,*' can reduce the amount of H,O detected

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Mass balance of oxygen from the reaction of RuO,/SiO, with
different organic compounds. Only the oxygen from RuO, is consid-
ered in these calculations and is based on the detected products: H,O
(blue), CO (green), CO, (orange). Calculated based on area of peaks in
Fig. 1 and calibration curve (Fig. S17).

at the reactor outlet and contribute to higher experimental
error, especially when RuO, reduction occurs at a lower
temperature. Despite that, the large quantity of oxygen from
RuO, accounted for in the products strongly indicates that
oxide reduction is complete.

The replacement of H, by the other reducing agents signifi-
cantly altered the RuO,/SiO, reduction profile (Fig. 1). Not only
the temperature at which RuO,/SiO, underwent reduction was
shifted to higher temperatures, i.e., from 159 °C with H, to 193-
332 °C depending on the molecule used (Table 1), but also,
except for isopropanol, CO and CO, were detected in addition to
H,O (Fig. 1). Among the alternative reducing agents evaluated
in this study, isopropanol presented the lowest temperature for
reduction (193 °C), while the highest occurs with heptane (332 °
C). Hence, the following order of reduction temperatures was
obtained: isopropanol < methanol < ethanol < acetone < cyclo-
hexane < heptane. In all cases, the continuous formation of H,

Table 1 Temperature of reduction (Tpea) and apparent activation
energy (E,pp) from the reduction of RuO,/SiO, catalysts with 5%
organic solvent in argon and 5% H in nitrogen

Reducing agent Tpeak” (°C) Eapp” (K] molgyo, )
H, 159 446 £ 2.3
Methanol 233 45.4 + 0.7
Ethanol 244 74.7 £ 8.5
Isopropanol 193 34.3 £ 0.6
Acetone 261 68.7 £ 5.0
Heptane 332 56.8 £ 6.6
Cyclohexane 322 84.9 + 6.5

¢ This temperature was determined as the maximum of the peak from
Fig. 3. ? Apparent activation energy (Eapp) determined through the
Flynn-Wall-Ozawa method.***®

J. Mater. Chem. A, 2025, 13, 7445-7460 | 7449
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(m/z = 2), characteristic of the dehydrogenation of organic
compounds on metallic Ru, was observed after the peaks of
H,0, CO and/or CO, (Fig. S47).

The limited formation of H,0, CO, and CO, in the presence
of Ru0O,/SiO, and reducing agents is a consequence of the
limited supply of oxygen from RuO, particles. However, the
variation in the temperatures and H,0, CO,, and CO formation
profiles suggests not all reducing agents are oxidized by RuO,
particles in the same way.

The apparent activation energy (Eapp) for reduction of RuO,
nanoparticles reduction, presented in Table 1, was estimated
using the Flynn-Wall-Ozawa method (Fig. S5t).*>*® The E,j,, for
Ru0,/SiO, reduction using H, was estimated at 44.6 +
2.3 k] mol™', which is comparable with the value of
46.3 k] mol " reported in the literature, validating the method.?
As expected, the activation energy varies with the reducing
agent, ranging from 34 to 85 KJ molRuo;1 in the following
ascending order: isopropanol < H, ~ methanol < heptane <
acetone < ethanol < cyclohexane (Table 1). By definition, E,p,
provides information on the temperature dependence on
a reaction. Consequently, higher activation energy indicates
that, once reduction starts, it will be completed more quickly
under dynamic temperature conditions. For instance, reduction
with cyclohexane occurs more quickly than with heptane,
despite both happening at similar temperatures. Thus, the wide
range of E,p;, indicates different rates for the reduction of the
nanoparticles, as discussed in later sections.

Redox reactions, such as the reduction of RuO,/SiO,, are
exothermic. When H, is employed as the reducing agent, only
one reaction is possible because of its chemical nature (2H, +
RuO, — Ru + 2H,0). However, multiple reactions occur when
organic molecules are employed, resulting in a net AHeaction
that differs from that of any individual reaction. Thus,
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information about the heat released during this process assists
in elucidating the reaction pathway.

The temperature on the catalyst bed was measured for each
TPR experiment (Trpg), including H,, and compared to the
temperature of a control experiment without reduction
(Teontro1), Where only the effect of catalyst bed heating is
considered (AT = Typr — Teontrol)- In all cases, a temperature rise
was observed when the reduction of RuO,/SiO, to Ru/SiO, took
place (Fig. 3). Once RuO,/SiO, was reduced, the AT was inferior
to that occurring just before reduction for all reducing agents,
except for H,. This negative baseline, i.e., ATpefore reduction >
AT,fter reduction, indicates the occurrence of an endothermic
reaction after reduction. Indeed, the formation of H, was
observed for all reducing agents after reduction (Fig. 1 and S47),
indicating the occurrence of dehydrogenation, an endothermic
reaction (Table 2). In addition, methanol oxidative dehydroge-
nation and ethanol dehydro-decarbonylation, for methanol and
ethanol, respectively, are endothermic reactions and could
explain the negative baseline for these compounds (Fig. 3 and
Table 2). In the case of methanol, AT increased steadily for
temperatures above ~320 °C suggesting that an exothermic
reaction takes place, such as reverse Boudouard reaction or
water-gas shift (WGS).

The experimental enthalpies of reaction (AHeaction) for the
reduction of RuO,/SiO, by each reducing agent, including H,,
are displayed in Table 2. As multiple reactions occur during the
reduction of RuO,/SiO,, the overall experimental heat of reac-
tion (AH eaction), presented in Table 2, reflects the combination
of these reactions. The enthalpy of each individual reaction
considered to occur during the RuO,/SiO, reduction process is
also presented in Table 2.

The measured enthalpy of RuO,,SiO, reduction by H, was
—156 £ 19 kJ molRuoz’1, in reasonable agreement with the

AT (TTPR - Tcontrol) (OC)

= Heptane

= Acetone

= Ethanol

= Methanol

= |sopropanol
= Cyclohexane
- H2

S
200
Temperature ntro) (°C)

T
150

Fig. 3 Temperature profiles of reduction using seven different reducing agents, including H., at 4 °C min~*. The dashed lines represent the
temperature after which H, formation was observed. Area under the curves represents the enthalpy of reaction.
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Table 2 Enthalpy of reduction (AH eaction) @nd reactions involved in the reduction of Ru/SiO, catalysts with H, and organic compounds

AI_Ireaction AI_IreactiontZ
(k] molgyo, ')  Reaction Stoichiometry (KJ molpyo, ** or k] moly, ')
H, —156 + 19 Oxidation 2H,(g) + RuO,(s) — Ru(s) + 2H,0(g) —164.8%
Methanol —42 + 4 Oxidative CH;0H(g) + RuO,(s) — Ru(s) + 2H,0(g) + CO(g) —80.8%
dehydrogenation
Oxidative 2CH3;0H(g) + RuO,(s) — Ru(s) + 2H,0(g) + 2CH,0(g) -17.5%
dehydrogenation-2
Reverse methanol CH;0H(g) —®— 2H,(g) + CO(g) 42.0P
synthesis
Ethanol —27 +8 Oxidation C,H;0H(g) + 3RuO,(s) — 3Ru(s) + 3H,0(g) + 2C0O,(g) —112.0*
Oxidative 2C,H50H(g) + RuO,(s) — Ru(s) + 2H,0(g) + 2C,H,0(g)  —23.1%
dehydrogenation
Dehydro- C2H50H(g)—R— 2H;(g) 4 CO(g) + CH4(g) 55.6°
decarbonylation
Dehydrogenation C,H;s0H(g) —8%— H,(g) + 2C,H40(g) 75.5°
Isopropanol ~ —85 + 12 Oxidative 2C3H,0H(g) + RuO,(s) — Ru(s) + 2H,0(g) + 2C3H¢O(g)  —120.0%
dehydrogenation
Dehydrogenation ~ 2C3H;OH(g) —RU— H,(g) + C3Hs0(g) 26.6"
Acetone —43 £ 5 Oxidation C3HgO(g) + 4RuO,(s) — 4Ru(s) + 3H,0(g) + 3CO,(g) —100.0%
Oxidative 2C3HeO(g) + RuO,(s) — Ru(s) + 2H,0(g) + 2C3H,O(g) 159.4%
dehydrogenation
Dehydrogenation C3HO(g) —24— Hy(g) + C3H40(g) 170.3°
Heptane —79 £ 10 Oxidation C;H;6(g) + 11RuO,(s) — 11Ru(s) + 8H,0(g) + 7CO,(g) —94.9%
Oxidative 2C;H;6(g) + RuO,(s) — Ru(s) + 2H,0(g) + 2C,H,4(g) 99.3%
dehydrogenation
Dehydrogenation  CyHj6(g) —R— Ha(g) + C7Hia(g) 137.9°
Cyclohexane  —41+4 Oxidation CeHip(g) + 9RuO,(s) — 9Ru(s) + 6H,0(g) + 6CO,(g) —94.4%
Oxidative 2CeH15(g) + RuO,(s) — Ru(s) + 2H,0(g) + 2CsH10(g) 77.1%
dehydrogenation
Dehydrogenation CeHia(g) —B%— H,(g) + 2CsHio(g) 126.7°

% The AH eaction Were calculated based on eqn (S1) and (S2) and thermodynamic parameters from Table S1.

theoretical value of —164.8 k] mol™" in Table 2, validating the
method. While the AHiection Was highly dependent on the
reducing agent, all organic molecules released significantly less
heat during reduction than H,. Hence, the following order can
be established according to the heat released during the
reduction of RuO,/SiO,: H, > isopropanol = heptane >
methanol = cyclohexane = acetone > ethanol.

Reaction pathways for each reducing agent

Hydrocarbons. For heptane and cyclohexane, full oxidation
is the primary pathway for reducing RuO,/SiO, since slightly
more water is produced than the expected for oxidative dehy-
drogenation. The typical mechanism for the oxidation of satu-
rated hydrocarbons on metal surfaces starts with hydrogen
extraction from a C-H bond, which is the limiting step of the
reaction.® Hence, the higher energy required for the cleavage of
C-H bonds in hydrocarbons is most likely related to the higher
temperature necessary for the reducing agents to promote the
reduction of Ru0,/SiO,, i.e., T > 300 °C. After activation, the
reaction proceeds quickly in noble metals under oxygen-rich
conditions.”® However, during RuO,/SiO, reduction, oxygen
supply is limited, which could explain the formation of CO. Still,
CO formation is minimal and only occurs at later reduction
stages, i.e., at a higher temperature, when oxygen availability in
the system is reduced (Fig. 1). An increase of m/z = 28 observed

This journal is © The Royal Society of Chemistry 2025

after RuO, reduction could be due to cracking of heptane and
cyclohexane to small molecules, like ethylene (m/z = 28).>*

The AH;eaction for the two hydrocarbons was inferior to the
theoretical value of RuO, reduction via hydrocarbon oxidation
(Table 2). While both compounds display similar heat of reac-
tion for oxidation by RuO,, oxidative dehydrogenation of
cyclohexane (77.1 k] molgyo, ') is less endothermic than that of
heptane (99.3 KkJ molRqu’i). However, the experimental
AH,caction fOr each compound indicates the reduction of RuO,/
SiO, by heptane is more exothermic (Table 2). Thus, hydro-
carbon dehydrogenation, an endothermic phenomenon,
contributes to the heat of reduction, as observed by the sharp
fall in AT is observed at the same time H, starts being produced
via dehydrogenation (Fig. 3). Thus, the overall energy released
during the reduction of Ru0O,/SiO, is counter-balanced by the
endothermic nature of the dehydrogenation, which for cyclo-
hexane starts at earlier stages of reaction than for heptane
(Fig. 1), making the AH,eaction lower. Note that the endothermic
contribution of the dehydrogenation to the AHieaction Will
depend on the moment RuO,/SiO, reduction started, the
AH;caction (Table 2), and the rate of reaction, which was not
measured. Still, the difference between the AT baseline before
and after reduction in Fig. 3 and the evolution of H, (Fig. S47)
can be used to compare the H, production rate between
reducing agents.

J. Mater. Chem. A, 2025, 13, 7445-7460 | 7451
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Alcohols. The reduction of RuO,/SiO, by alcohols occurs
preferentially by the abstraction of hydrogen and consequent
release of H,O. For the alcohols evaluated, one can see the
following trend of reducing temperature: isopropanol (193 °C) <
methanol (233 °C) < ethanol (244 °C), indicating isopropanol is
more easily activated than methanol and ethanol. Indeed, the
C-C bond cleavage in isopropanol is not favored during oxida-
tion. Consequently, only oxidative dehydrogenation occurs with
this reducing agent, as confirmed by the observed formation of
acetone (Fig. S61).*

For ethanol, the simultaneous formation of CO and CO,
indicates C-C cleavage occurred during RuO,/SiO, reduction.
The higher temperature necessary for the activation of ethanol
versus isopropanol (Table 1) could be explained by the higher
reactivity of secondary alcohols, compared to primary alcohols.
It is noteworthy that CO is not typically reported as a reaction
product for ethanol oxidation, due to fast CO oxidation to CO,
over RuO,.*® Yet, the limited supply of oxygen for oxidation in
the system might hinder CO conversion to CO,. Ethanol can
also undergo dehydrogenative decarbonylation over metallic
ruthenium, yielding CO, H,, and CH,,*”*® as confirmed by the
significant formation of CH, during and after reduction
(Fig. S77). Like cyclohexane and heptane, the AT drop observed
when using ethanol coincided with the start of H, production
(Fig. 3), suggesting dehydrogenation might also contribute to
the lower AH eaction-

In the specific case of methanol, CO and H,O are predomi-
nant during RuO,/SiO, reduction (Fig. 1), with formaldehyde
(m/z = 29) being observed as well (Fig. S8t), suggesting the
pathway goes through methanol oxidative dehydrogenation.
Based on this, the CO generated by methanol decomposition
(Fig. 1) was not considered in the oxygen mass balance (Fig. 2).
In addition, an increase of m/z = 44 attributed to side reactions
over Ru metal particles, was observed after RuO, reduction.
Indeed, the water-gas shift reaction (CO + H,O = CO, + Hy)
between the water contained in the methanol or the reverse

Oxidative
—+ Methanol / Isopropanol
Dehydrogenation Prop!
Organic T Ethanol
reducing
agent

\ 1 Acetone

Oxidation + Heptane / Cyclohexane

View Article Online

Paper

Boudouard reaction (2CO = CO, + C) could explain the
formation of CO, after the reduction is complete. Like the other
alcohols, the AT observed with methanol also declined after H,
started to be produced, even though RuO,/SiO, reduction was
still underway (Fig. 1 and 3).

Acetone. The conversion behavior for acetone over RuO,/
SiO, was similar to that of cyclohexane and heptane since it was
mainly converted to oxidation products. However, this molecule
started to react with RuO,/SiO, at 234 °C, indicating its activa-
tion was an intermediate between the alcohols and hydrocar-
bons, as expected according to the literature.” No products
resulting from acetone aldol condensation (mesityl oxide) and
acetone decarbonylation (methane) were observed, thus leaving
dehydrogenation of acetone as the only plausible reaction to
justify the observed formation of H,. Still, acetone dehydroge-
nation has not been reported in the literature, as it requires the
rearrangement of the molecule to prevent the carbon atom in
the carbonyl group from forming more than four covalent
bonds (octet rule). It is worth mentioning that isomerization of
acetone into propanal, allyl alcohol, and propylene oxide has
been reported in the literature, with acetone being the most
stable of all isomers.®® Yet, independently of the reaction
mechanism involved in the monomolecular dehydrogenation of
acetone, acrolein (2-propenal) is the most likely product for this
reaction. While the molecular ion of acrolein (m/z = 56) was not
measured, this molecule undergoes fragmentation into m/z =
28 (Fig. S971), which increases at a rate similar to H, (Fig. S107),
thus suggesting acrolein is indeed formed.

Summary. The combined analysis of the oxygen mass
balance and the AH;eaction during RuO,/SiO, reduction revealed
two simultaneous processes occur (Scheme 1). The first corre-
sponds to the exothermic reduction of the RuO, nanoparticles
promoted by oxidative dehydrogenation or oxidation of the
reducing agent. Once enough metallic Ru is present to catalyze
the dehydrogenation of the reducing agent, an endothermic
process starts, which continues after the RuO, nanoparticles are

Dehydrogenation

Ru Ru Ru Ru

Oxidative Dehydrogenation: 2C,HyO. + RuO2 — Ru + 2C;Hp-2)O¢ + 2H,0
Oxidation: C,HyO: + (42 +b - 2¢c — 4x — y — 27)/2 RuO, —
(4a+b-2c—4x—-y—-2z)Ru+wCO + (a—w-x) CO2 + (b—-y)/2 HO + CiH,0,

Dehydrogenation: 2C.HyO. ~> Hy + 2CaH(b-2)Oc

Scheme 1 Simplified pathway of reactions involved during reduction of supported metal oxides using organic molecules.
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completely reduced. In fact, at the later stages of the RuO,
nanoparticles reduction occurs by direct oxidative dehydroge-
nation of the reducing agent, whose oxidation does not proceed
due to the lack of oxygen in the nanoparticle, and/or by the
oxidation of H, produced from the reducing agent dehydroge-
nation on a nearby metal site. Hence, the mechanism involved
in reducing the RuO, nanoparticles is a function of the reduc-
tion level of the particles. The combination of both processes
explains the significant reduction of the AHeaction When
comparing reducing agents to H,, where the endothermic
process does not occur. Nonetheless, it should be mentioned
that even in the absence of the endothermic process, RuO,/SiO,
reduction via the oxidation of organic reducing agents should
be less exothermic than H,, as shown by the theoretical
AH eaction in Table 2.

Characterization of nanoparticles

The XRD pattern of RuO,/SiO, and its comparison with the
resulting catalysts after treatment with H, and organic mole-
cules are presented in Fig. 4. The diffraction peaks of the initial
sample are centered at 26 = 27.8°, 34.8°, 39.9°, and 53.9°, which
correspond to lattice plans of RuO, (110), (101), (200), and (211),
respectively.®* Additionally, the peaks at 38.5°, 42.0°, 43.9°,
58.3°, 69.3° correspond to lattice plans of Ru® (100), (002), (101),
(102), and (110),** respectively, and were observed in all the
samples after treatment with organic compounds and H,. Thus,
suggesting RuO, was converted to metallic Ru. Furthermore,
the absence of RuO, characteristic peaks after reduction inde-
pendently of the reducing agent used, including H,, indicates
that all RuO, was reduced, as suggested previously.

The variation of the Ru sharpness peaks in the XRD dif-
fractograms (Fig. 4) indicates differences in the particle size of
Ru nanoparticles between samples. Indeed, by applying the

View Article Online

Journal of Materials Chemistry A

Scherrer equation (Table 3), it is possible to estimate the Ru
nanoparticle size to 10.0 nm when using H, and 2.5-5.8 nm
when using the organic molecules as reducing agents, indi-
cating that reducing supported RuO, nanoparticles through the
oxidation of organic molecules yields smaller Ru particles than
with H,.

The samples were also analyzed by high-resolution trans-
mission electron microscopy (HR-TEM) to determine their
particle size distribution. Firstly, carbon deposit was not
observed, which was further confirmed by the XPS analysis
since the quantity of carbon is comparable to that from reduc-
tion with H, (Table 3). Additionally, the mapping of the samples
was performed to verify if the RuO, nanoparticles reduction to
Ru was complete, as suggested by XRD. The elemental mapping
and line scanning (Ru, Si, and O) of the starting metal oxide
catalyst and the reduced sample are presented in Fig. 5. When
comparing the line scanning of the parent sample (RuO,/SiO,)
with those of the reduced samples, it is possible to observe that
the oxygen profile of the reduced samples does not follow that
of Ru, unlike in the parent sample (Fig. 5A). Instead, oxygen is
only observed in the presence of Si, clearly indicating no oxygen
is present in the metal particles and that the reduction was
complete independently of the reducing agent. Similarly, the
lattice fringe distance of the parent RuO, nanoparticles was 3 A
(Fig. 5A), agreeing with the (110) plane of Ru0,,*” while for the
reduced samples (only represented in Fig. 5B) the distance was
2 A, as in the (101) plane of hcp (hexagonally close packed)
ruthenium.** The XPS results (Table 3) also confirm the
predominance of Ru metallic nanoparticles. Note that the
material was exposed to air for analysis; hence, surface oxida-
tion is expected.

The particle size distribution of the parent RuO,/SiO, sample
and reduced samples can be found in Fig. 5 and Table 3. In all
cases, the average particle size of the starting metal oxide

(101) (102) (110)

(100()00:2)5
ﬁ_& J - H
g J/L | = Heptane
= —/\‘J/\ o] = Acetone
= -_/\'-v""*‘“ = Ethanol
c = |sopropanol
..“C.’. _—/\“;./\ reee| = Methanol
= il o — = Cyclohexane

- RU02/S|02

10
20 (degree)

Fig. 4 XRD patterns of RuO,/SiO,, compared with the results after the
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treatment with different organic reducing agents and H,.
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Table 3 Particle size of RuO, deposited on SiO, and resulting Ru nanoparticles after reduction with each reducing agent

Surface Ru Surface C
Reducing Particle size® Particle size Particles in cluster”  Cluster size” concentration®  concentration®
agent (Scherrer equation) (nm)  (HR-TEM) (nm) (HR-TEM) (%) (HR-TEM) (nm) (% atom) (% atom) Ru/C
None 13.8 16.2 + 6.0 N.A. N.A. 0.19 1.4 0.13
(RuO,/Si0,)
H, 10.0 11.9 + 3.4 0 N.A. 0.36 2.1 0.17
Methanol 4.5 4.7 £1.7 52 17.8 + 8.3 0.32 1.0 0.32
Ethanol 2.5 5.3+ 2.3 38 21.2 +10.9 0.46 1.6 0.28
Isopropanol 4.5 6.6 + 2.9 64 22.1+9.8 0.23 2.9 0.08
Acetone 4.4 49 £1.9 43 17.0 £ 9.4 0.43 1.3 0.43
Heptane 4.7 6.7 £ 2.9 26 19.3 +10.9 0.32 1.1 0.29
Cyclohexane 5.6 6.6 + 1.9 4 358+ 7.1 0.45 1.2 0.45

“ Calculated based on data from Table S2. ? Clusters are agglomerates of nanoparticles. NA: not applicable. ¢ Quantification based on Ru 3d and C
1s XPS signals. Complete surface composition in Table S4. XPS wide spectra, and Ru 3d/C 1s peak deconvolution spectra in Fig. S11 and S12,

respectively.

catalyst is larger (16.2 nm) than after reduction (4.7-11.9 nm),
with the HRTEM results in agreement with those estimated
through the Scherrer equation (Table 3). A decrease in the
particle size is expected since Ru has a higher bulk density
(12.2 g cm ™2 at 20 °C) than RuO, (6.97 g cm ™ at 20 °C). Still, the
estimated diameter of Ru particles obtained from 16.2 nm RuO,
particles is 12.3 nm, as presented in Table S3.f While the H,
reduced sample yields Ru nanoparticles with an average size
comparable with the estimated size, i.e.,, 11.9 £+ 3.4 nm vs.
12.3 nm respectively, using organic compounds as reducing
agents yields significantly smaller particles. Consequently, the
use of organic compounds led to a redispersion of the Ru
nanoparticles over the SiO, support, while H, only transformed
RuO, into Ru with minimal interference to the expected particle
size. It is worth mentioning that when oxidation/reduction
methods are employed to promote redispersion, particle size
reduction occurs primarily during the oxidation stage.™

Even though all the samples reduced via organic agents
displayed redispersion of the Ru particles, clusters of small Ru
nanoparticles, as shown in Fig. 5B, were observed. This same
phenomenon was observed for all organic agents to different
extents, but it was more pronounced with isopropanol, where
64% of the metal particles were such clusters (Table 3). On the
other hand, only 4% of the Ru nanoparticles were agglomerated
in clusters when using cyclohexane. The occurrence of nano-
particles as clusters increases in the following order: cyclo-
hexane (4%) < heptane (26%) < ethanol (38%) < acetone (43%)
< methanol (52%) < isopropanol (64%). While the occurrence of
these clusters varied significantly with the reducing agent, the
average size of these clusters was quite similar, ie., 17.0-
22.1 nm, except for cyclohexane (35.8 nm), which can be justi-
fied by the low occurrence of clusters when using this reducing
agent. It should be mentioned that no Ru nanoparticles cluster
was found when using H, to reduce RuO,/SiO,.

Impact of reduction pathway on the characteristics of the
nanoparticles

The differences in the particle size observed between H, and the
reducing agents, the capacity of these compounds to promote

7454 | J Mater. Chem. A, 2025, 13, 7445-7460

the redispersion of Ru nanoparticles during reduction, and the
occurrence of clusters of Ru nanoparticles suggest that organic
reducing agents significantly modify the reduction process of
supported RuO, nanoparticles. The mechanism of oxide nano-
particles undergoing reduction and possibly redispersion is
complex and not fully understood. In simple terms, metal
nuclei are formed at the nanoparticle's surface during metal
oxide reduction, expanding during the reduction process.®® The
evolution of the reduction process depends on multiple aspects,
especially the nature of the support and metal temperature,™
the size of the metal nanoparticles, and, as shown by this work,
the reducing agent or reducing atmosphere.

Reduction and oxidation of supported nanoparticles are
often used to promote the redispersion of nanoparticles, i.e.,
decrease the nanoparticle size.'>*>® In the specific case of
reduction, multiple mechanisms have been proposed in the
literature, including atomic migration of metallic/metal oxide
atoms, strong metal-support interaction (SMSI),*” and differ-
ences between the interaction (wetting) of oxide and metal with
the support.®>**>**% In the specific case of RuO,/SiO, system, no
SMSI is expected under the experimental conditions due to the
low temperature and low capacity of SiO, to strongly interact
with RuO, or Ru. Similarly, atomic migration implies gas phase
diffusion,*® and both RuO, and Ru have very high boiling
points, i.e., 1200 °C and 4150 °C, respectively, even considering
typical depression due to the nanometric size of the particles.
Finally, while the different affinities of the support with metal
oxide (strong) and metal (weak), and the increase in the density
of the nanoparticles (pmetal > Pmetal oxide) €A1 create stress in the
particle and lead to cracks, this mechanism cannot explain the
differences between the different reducing agents by itself.

The temperature at which nanoparticles are exposed is
a critical parameter for redispersion and sintering
phenomena.'”® While RuO, reduction was found to happen at
different temperatures depending on the reducing agent used
(Table 1), the samples used for the nanoparticles size
measurement were all submitted to the same maximum
temperature of 375 °C, which is lower than the typical temper-
atures reported to cause sintering, ie., T > 400 °C."* Further-
more, reduction with H, led to the largest metal particles, while

This journal is © The Royal Society of Chemistry 2025
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Arrows indicate the direction of the line scanning measurement.
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it displayed the lowest reduction temperature, i.e., Treduction =
159 °C. Another important parameter that can contribute to
significant changes in the local temperature of the supported
nanoparticles is the energy released during the reduction
process. It is well-established that excessive heat can cause
sintering in metal-based catalysts due to the formation of
thermodynamically favorable coarse-grained structures.” The
impact of the energy released during RuO, reduction in the Ru
nanoparticle distribution, shown in Fig. 6, indicates that lower
AH,caction favors the formation of smaller particles. However,
the highest AT observed in the reactor bed was ~2.5 °C (Fig. 3),
thus making it unlikely for the local temperature in the nano-
particle to be high enough to promote aggregation. Indeed, Ano
et al. showed that a continuous supply of microwave radiation
with a potency of ~20-60 W was necessary to increase the local
temperature of supported platinum nanoparticles by a couple of
hundred degrees,” with equally high values being reported to
achieve similar local heating of nanoparticles in solutions.” On
the other hand, reducing RuO, nanoparticles over silica only
releases a few joules of energy, i.e., 5-23 J, during the several
minutes the transformation takes place (Fig. 1 and 3). Thus, the
energy released during the reduction process is more than two
orders of magnitude smaller than the necessary for the local
temperature of nanoparticles, ie., T > 400 °C, to promote
aggregation.

An important difference between the reduction process of
RuO, promoted by the organic agents compared to H, is that
two thermic processes happen at different stages, ultimately
leading to the low AH,eaction Observed. First, the oxidation or
oxidative dehydrogenation of the reducing agent by the RuO,
nanoparticles takes place (exothermic), followed by the dehy-
drogenation of the same reducing agent when enough Ru
surface is available (endothermic). Thus, it could be hypothe-
sized that redispersion was observed when using the organic
compounds as reducing agents due to this two-stage process,
rather than directly because of the released energy.

According to the nanoparticle reduction mechanism
proposed by T. Wang and L. D. Schmidt,* cracks caused by
elastic stress resulting from the higher density of the newly
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Fig. 6 Enthalpy of reaction (AH,eaction) Versus average particle size for
Ru/SiO, catalysts reduced with different reducing agents.
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formed metal can be formed in oxide nanoparticles during the
reduction process if the number of nucleation points is small,
i.e., the reduction does not proceed homogeneously through the
whole nanoparticle. If we take into consideration the difference

2/3
. . M,
in the cross-sectional area (¢, where ¢ = f (TW) /4 where
PINA

M,, is the molecular weight, p is the density of the liquid,
and N, is the Avogadro number of the adsorbed organic mole-
cules (¢ = 0.18 nm” (methanol)-0.42 nm?> (heptane)) and
H, (¢ = 0.14 nm?)), it would be expected that the number of
nucleation points would be smaller when using the organic
molecules to promote the reduction of the RuO, nanoparticles.
Furthermore, each H, molecule only eliminates one atom of
oxygen from the RuO, matrix while, except for isopropanol, all
the remaining organic agents were proven to remove multiple
oxygen atoms per molecule (Table 2). In addition, the inter-
mediates formed during the oxidation of the organic molecules
are more reactive than the parent molecule, thus increasing the
driving force for RuO, reduction once the reaction starts.
Therefore, the lower incidence of nucleation points linked to
a faster driving force for reduction could explain the increased
occurrence of “cracks” in the reduction of RuO, nanoparticles.
This, in turn, would be linked to the higher occurrence of
smaller nanoparticles and agglomerates when using organic
reducing agents without justifying why these do not persist
when using H,.

The coalescence or sintering of nanoparticles is directly
linked to the chemical potential of the metallic surface.”””® In
general, the chemical potential of nanoparticles surface is
impacted by the nature of the metal, the support, and the
nanoparticle size, ie., smaller nanoparticles have higher
chemical potentials. Besides being related to the capacity of
nanoparticles to sinter, the chemical potential also impacts the
strength of the bond of each reaction intermediates to the metal
surface.” As described earlier, during the reduction of RuO,
nanoparticles by the organic reducing agents, the formation of
H, from dehydrogenation was observed. Dehydrogenation at
the later stages of reduction directly indicates the adsorption of
the organic molecules on the newly formed metal surface. Note
that metal nanoparticles are not rigid, and the interaction of
adsorbed molecules with the surface of metallic nanoparticles
was shown in multiple studies to significantly affect nano-
particle shape.”*®°

In addition, when the surface of the metal is completely
clean, coalescence may happen.** Hence, dehydrogenation
intermediates covering the metal surface during the reaction
process could explain the observed nanoparticle clusters and
redispersion phenomenon. However, when using H,, no reac-
tion occurs after RuO, reduction is achieved, and any “cracks”
formed on the nanoparticles readily disappear due to the high
chemical potential of small nanoparticles. It is worth
mentioning that the restructuration of metal catalysts via the
detachment of smaller nanoparticles, clusters, or single atoms
during catalytic reactions is not a new concept. For instance,
Ananikov proposed that, in some cases, the actual catalytic
center was constituted by smaller metal clusters or atoms

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Apparent activation energy (E,qp) of the reduction of the RuO,
nanoparticles supported on SiO, versus the occurrence of nano-
particles in clusters. Dotted line represents trend of the data, excluding

detached from the nanoparticle surface into the solution (liquid
phase reaction) to promote the reaction (cocktail concept).2*#>#2
Similarly, the atomic leaching of metal nanoparticles was
observed through microscopy, as was metal nanoparticle
reconstruction in the presence of different gas atmo-
spheres.****# According to the mechanisms mentioned earlier,
forming isolated atoms (single atoms) is possible even though
these were not observed.

While all organic compounds led to the formation agglom-
erated nanoparticle clusters, not all particles were contained in
such agglomerates (Table 3). Indeed, the concentration of metal
nanoparticles in clusters varied significantly with the type of
organic reducing agent. For instance, only 4% of Ru particles
were contained in clusters using cyclohexane, while 64% were
observed for isopropanol. Fig. 7 shows the impact of the
apparent activation energy (E,pp) for reducing RuO, nano-
particles as a function of the occurrence of Ru nanoparticles in
clusters. For the organic reducing agents, it can be observed
that higher E,,, leads to fewer clusters. Under increasing
temperature conditions, a higher E,,, is related to a faster
reduction rate, as can be observed by comparing the reduction
profiles of cyclohexane (high E,,;) and isopropanol (low Ejp;,) in

View Article Online
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Fig. 1. Therefore, a faster reduction rate of RuO, should favor
the “cracking” of the nanoparticles during reduction, which
ultimately can lead to the complete breaking of larger particles
into new, smaller, and isolated metal nanoparticles. It should
be noted that the H, does not behave similarly to the organic
reducing agents since it does not have adsorbates after the oxide
is fully reduced.

Furfural hydrogenation - a model reaction

The hydrogenation of furfural to furfuryl alcohol was conducted
to evaluate the catalytic performance of the metal nanoparticles
obtained from the reduction of RuO,/SiO, with each of the
reducing agents. The need for metallic sites and the capacity to
undergo hydrogenation by H, under temperatures below the
temperature at which H, promotes RuO, reduction justify the
use of this model reaction. Therefore, the hydrogenation of
furfural into furfuryl alcohol was performed at 80 °C and under
6 bar H,. The reaction was conducted using water as a solvent to
eliminate the possibility of hydrogen transfer from the solvent
to the substrate. A control experiment without prior reduction
of the catalyst showed negligible (<3%) mass yield of furfuryl
alcohol even after 1 hour reaction time.

The catalytic performance of the reduced catalyst for the
furfural hydrogenation reaction clearly demonstrates that
organic molecules can be used as reducing agents instead of H,.
When the catalyst was reduced with H, before the reaction, the
activity was 1.5-3-fold lower than when the organic reducing
agents were employed (Table 4). These results also eliminate the
doubt over any possible decline in activity following catalyst
fouling promoted by organic reducing agents, thus agreeing
with the XPS and TEM data. A trend between activity and
particle size after reaction is apparent, albeit not perfectly
uniform across all data points. This could be attributed to the
formation of particle clusters in all cases and for all images
analyzed (not shown), which causes the adsorption of molecules
to be non-linear."

Outlook

Most metals, such as ruthenium, used in catalysts are now
labeled critical raw materials.®® Thus, finding solutions for
reusing such materials is of prime importance. Redispersion

Table 4 Activity at 1 hour reaction time (20—40% conversion) and particle size after hydrogenation of furfural, reaction conditions: 80 °C, 50 g

water, 250 mg furfural, 250 mg catalyst

Activity

Reducing agent (molgyrfural MOlgy * h™1)

Particle size after
reaction (nm)

Furfuryl alcohol
selectivity (%)

H, 5.3
Methanol 8.7
Ethanol 15.4
Isopropanol 16.4
Acetone 13.3
Heptane 16.9
Cyclohexane 15.2

¢ Tetrahydrofurfuryl alcohol observed as side product.

This journal is © The Royal Society of Chemistry 2025
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can be a simple method for restoring the catalytic properties of
spent metal-based catalysts without using harsh chemicals and
temperatures often employed in other methods.?” This manu-
script shows that using organic molecules to reduce metal
oxides can significantly improve the redispersion phenomenon.
Yet, the exact mechanism responsible for the enhanced redis-
persion still needs to be established. Nonetheless, the metal
oxide nanoparticle reduction pathway is quite complex and
highly dependent on the molecule undergoing oxidation.

Furthermore, metal oxides have different reactivities and
interact differently with organic compounds, indicating that an
optimal solution might be system-dependent. Therefore,
further work is necessary to evaluate the limitations of this
method. For instance, for RuO,/SiO,, all organic molecules
required higher temperatures than H, to promote RuO,
reduction. This fact could prevent using organic reducing
agents to reduce transition metals, like Ni and Co, which
undergo reduction by H, at much higher temperatures. Never-
theless, organic reducing agents represent a promising alter-
native to H, for reducing oxide nanoparticles, displaying
a significant potential for recycling spent metal catalysts.

Conclusion

Organic compounds, namely, methanol, ethanol, isopropanol,
acetone, heptane, and cyclohexane, were employed as alterna-
tive reducing agents to H, for reducing RuO, nanoparticles
deposited on amorphous silica (RuO,/SiO,). The products
resulting from the RuO,/SiO, reduction process, and the energy
released during this process revealed two reaction phenomena.
First, the conversion of RuO, nanoparticles to metallic Ru took
place, together with oxidative dehydrogenation and oxidation of
the reducing agents. Second, when enough metallic Ru was
present, the dehydrogenation of the organic molecules or
reverse methanol synthesis took place. The combination of the
two processes explained the significant reduction in the energy
released during the reduction process when using the organic
reducing agents as a replacement for H,, i.e., 27-85 k] molRuOZ’1
vs. 156 k] molgyo, ', respectively.

The characterization of the treated catalysts showed that all
the molecules evaluated were capable of fully reducing the RuO,
to metallic Ru. Additionally, the Ru nanoparticles were signifi-
cantly smaller when employing the organic reducing agents
when compared to H,, i.e., 4.7-6.7 nm vs. 11.9 nm, respectively.
Nonetheless, Ru nanoparticle clusters were observed when
using organic reducing agents. The comparison of the Ru
nanoparticle size with the parent RuO, indicated a redispersion
phenomenon occurred when the organic reducing agents were
employed. The redispersion of the Ru nanoparticles was
attributed to the combination of the two reaction processes, i.e.,
oxidation of organic agent and its dehydrogenation during
RuO, reduction, occurring during the oxide reduction. In
addition, the kinetics of the RuO, reduction reaction were
found to impact the occurrence of Ru nanoparticle clusters
when employing organic molecules as reducing agents. A faster
RuO, reduction was shown to favor isolated metal particles.
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Furfural hydrogenation to furfuryl alcohol was used as
a model reaction to evaluate the catalytic performance of the Ru
nanoparticles. When organic reducing agents were employed
instead of H,, the Ru/SiO, catalyst displayed at least a two-fold
increase in activity, depending on the molecule used. The
capacity to actively promote the catalytic conversion of furfural
clearly further confirms that the surface of the nanoparticles
was not deactivated by fouling.
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