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ABSTRACT: To reduce the environmental impact of supported
catalyst production in compliance with the recommendations of the
UN’s 12th objective, which encourages more sustainable
consumption and production patterns, we propose to revisit sol−
gel chemistry in a more frugal mode. The principle of frugal
innovation is to simplify products and processes, eliminate
complexities to make solutions easier to understand and use, and
reduce production costs. By this way, the synthesis of ruthenium-
based catalysts supported on γ-AlOOH and γ-Al2O3 is revised via
solvent-free sol−gel chemistry. Such catalysts are successfully
prepared in one-pot preparation of the active phase and the support
using Ru(acac)3/Al alkoxide that requires no sacrificial organic
pore-generating agent, no washing, and no filtration and produces no liquid waste. The mixed Ru/Al precursor is hydrolyzed with a
stoichiometric amount of water without any solvent. The obtained materials containing 1 and 3% Ru/Al molar ratios have high
specific surface areas, from 300 to 690 m2·g−1 and exhibit well dispersed NPs of 1−4 nm on γ-AlOOH with interesting CO2
methanation activity and 100% CH4 selectivity. This proves that a frugal synthesis approach can do as well as traditional synthesis
methods while having a much lower environmental impact (cE-factor, water consumption, and energy consumption are 24, 69, and
24 to 42 times lower, respectively) than the standard multistep protocol..

1. INTRODUCTION
Industries play a crucial role in achieving sustainable
development goals and must evolve to reduce their impact
on the planet while ensuring its prosperity.1,2 Catalysis is a
lever for solving global socio-economic challenges such as the
continuous growth in energy and natural depletable resource
requirements in numerous application fields including health
(drug or protein synthesis),3,4 energy (oil refining and small
molecule valorization),5−8 bioresources transformation, and
environmental remediation.9−11 Therefore, there is a research
craze for the development of new supported heterogeneous
catalysts.12

The synthesis of such catalysts typically involves several
main physical or chemical routes. The latter, such as
impregnation or deposition−precipitation of the support
material with a solution containing the desired catalyst
precursor,8,13−18 as well as aerosol processing of heterogeneous
catalysts, are common at the industrial scale.19 Most of the
time, these methods require a high volume of solvent and
additives, use several devices and heating treatments, and thus
consume a lot of energy and atoms. Therefore, it became

important to take into account the environmental friendliness,
energy, and atom economy, as well as the ease of industrial
processability of the heterogeneous catalyst materials produc-
tion.

One of the promising synthetic approaches for limiting the
production of waste and consume less energy is to develop
solvent-less synthesis strategies. Recent studies20−28 mention
the facile synthesis of various metal oxides and mixed oxides
for catalytic activity (Al2O3

23 and Cu,29 La,30 Pd25 or MnOx-
doped Al2O3,

31 Ni oxide and hydroxide,32,33 CuO,34 Fe2O3,
26

Ni and ZrO2 doped CeO2, or Ni doped ZnO and iron
phosphide catalysts) by solvent-less mechanosynthesis meth-
ods using ammonium bicarbonate (NH4HCO3) and hydrated
metal nitrates or metal chloride in stoichiometric proportions.
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This approach requires several washing steps (for removing
large quantities of ammonium salt byproducts) and/or a
calcination step producing HNO3 (or HCl) and ammonia.
This processing reduces drastically the final crystallite size if
compared with a standard precipitation method, which may be
an advantage for producing high-surface-area materials.26,35 In
another approach, Huang et al. reported a solvent-deficient
synthesis of mesoporous gamma alumina starting from the
reaction of aluminum alkoxides and very small quantities of
water using hand mortar.23 While the chemical approach is
interesting in this example, industrial-scale production is very
difficult to set up and requires other tools for shaping the
catalyst.

In a recent study,36 we used a continuous reactive extrusion
process for the solvent-free production of high-surface-area
mesoporous γ-AlOOH and γ-Al2O3 extrudates. The easy scale-
up, global low atom and energy consumption, and drastic
reduction of the quantity of chemical waste make this synthesis
strategy a very realistic method for improving the actual
nanoporous alumina catalysts production. Yet, so far, only pure
alumina support is produced by this method, and nothing is
reported on the extension of such solvent-free synthesis for the
integrative preparation of supported heterogeneous catalysts.

In this manuscript, we extend our solvent-free approach for
the preparation of heterogeneous catalysts combining γ-
AlOOH support and ultrasmall ruthenium nanoparticles (Ru
NPs) of 1−4 nm as the metallic active phase. To achieve this, a
very simple, affordable, and minimalist batch process based on
solvent-free sol−gel chemistry is used for the preparation of a
mixed Ru−Al alkoxide precursor. We investigated the impact
of the mixed sol−gel precursor on the boehmite formation as
well as the dispersion of ruthenium in the support and its

ability to be reduced and to form nanoclusters or nanoparticles
in this peculiar solvent-free strategy. Ru-based catalytic
materials activities toward the thermal hydrogenation of CO2
to methane are measured and compared to similar Ru/Al2O3
catalysts prepared by the incipient wetness impregnation
method, where the γ-Al2O3 was prepared by the same solvent-
free sol−gel method.22 Herein, we also present an attempt to
compare the solvent-free sol−gel production of a Ru/
supported catalyst with the classical impregnation approach.

2. RESULTS AND DISCUSSION
2.1. Reactive Medium Characterizations. Catalysts of

boehmite (AlOOH) doped with ruthenium (Ru) were
obtained by first preparing a reactive sol−gel precursor
consisting of the dissolution of Ru(acac)3 solid in pure
aluminum trisec-butoxide (ASB, viscous liquid). Samples were
made with Ru/Al molar ratios of 1%, named ARu1, and 3%,
named ARu3 (corresponding to Ru/AlOOH 1.69 and 5.08 wt
% or corresponding to Ru/Al2O3 2 and 6 wt %), without
adding any solvent or other chemicals. After aging at 130 °C
for 8 h in oven, the mixture consists in homogeneous orange
solution for ARu1 and a dark brown saturated solution for
ARu3. Each Ru/Al mixture remains stable for several months
after synthesis.

In order to understand the reaction that occurs between
Ru(acac)3 and ASB, the two Ru-ASB mixtures are studied by
liquid 27Al NMR spectroscopy and compared with two
references containing ASB and acetylacetone (AcacH) of the
same molar ratio. Each as-prepared mixture is diluted in CDCl3
(6−8 wt %) before analysis.

The spectrum of ASB (Figure 1) presents a broad
asymmetric signal with a maximum at 61 ppm related to

Figure 1. (a) 27Al NMR spectra in CDCl3 of reactants: ASB, reactive media ASB + Ru(acac)3 with Ru/Al 1 and 3%, and mixed ASB with AcacH
(with the same AcacH concentrations equivalent to those of 1 and 3% Ru(acac)3 mixtures); (b) proportion of different Al coordinations
determined from the deconvolution of 27Al NMR spectra (Figures S1−S5); (c) structure models of ASB species according to literature, with I
being the major species.37−40
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tetra-coordinated sites, a shoulder around 31 ppm for the
penta-coordinated sites, as well as a small sharp peak at 2.7
ppm that is assigned to hexa-coordinated aluminum centers.37−

41 With the addition of AcacH, the 27Al NMR spectra of AA1
and AA3 show different features from the spectra of ASB. A
reorganization of the aluminum coordination can be noticed
with a progressive decrease of the peak at 31 ppm associated
with the penta-coordinated centers and the growth of the Al
hexa-coordinated centers when wt % AcacH increases. This
indicates that AcacH reacts with ASB in a preferential attack on
the central penta-coordinated Al atoms (the species I in Figure
1c), leading to the formation of six-coordinated structural
units. This result is in agreement with previous reported
studies.38−41 Modifications are confirmed by the appearance of
signals at 1.99 and 5.57 ppm in the 1H NMR spectra (Figure
S6), which correspond respectively to the methyl (−CH3) and
methine (−CH) protons of the acetylacetonate (Acac) ligand
linked to an Al atom. Compared to ASB, the proportion of

tetra-coordinated sites decreases slightly on ARu1, and those of
penta-coordinated sites and those of hexa-coordinated sites
increase slightly. The observation of two resonances around 7
ppm seems to indicate the existence of two different octahedral
aluminum centers for ARu1 (Figure S4). Moreover, on the 1H
NMR spectrum (Figure S6), the absence of signals at −5.57
and −30.29 ppm, which correspond respectively to the methyl
and methine protons of Ru(acac)3,

42,43 indicates that the
ruthenium center has lost its acetylacetonate (Acac) ligands.
The appearance of two peaks at 5.57 and 1.99 ppm,
corresponding to the Acac coordinated on Al,44 shows that
the acetylacetonate ligands have moved onto aluminum atoms,
which are likely the peripheral ones according to the evolution
of the aluminum coordination observed by 27Al NMR. The
observation of a new signal around −22 ppm in the 1H NMR
spectrum of ARu1 tends to indicate that the Acac ligands are
replaced by new hydrogenated species (sec-BuO, OH, etc.).
ARu3 significantly decreases the tetracoordinate sites, and

Figure 2. (a) Powder X-ray diffraction patterns of references, AlOOH ICDD 00-021-1307, metallic Ru ICDD 01-070-0274, and of Ru1% and
Ru3% samples, before (pristine) and after reduction under pure H2 at 200 and 250 °C. TEM image of (b) 1%Ru_pristine and (c) 3%Ru_pristine
samples before reduction. TEM image of powders reduced at 200 °C under H2: (d) 1%Ru_200 °C and (e) 3%Ru_200 °C; corresponding HR-
STEM (f) 1%Ru_200 °C and (g) 3%Ru_200 °C. TEM image of powders reduced at 250 °C under H2: (h)1%Ru_250 °C and (i) 3%Ru_250 °C;
corresponding HR-STEM (j) 1%Ru_250 and (k) 3%Ru_250. The insets of pictures f, g, j, and k are FFT of the nanocrystals.
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there is an increase in pentacoordinate and octahedral sites,
which may indicate an attack on the peripheral tetra-
coordinated Al atoms. Even though we could not find evidence
of the formation of a mixed Ru−Al alkoxide, a ligand exchange
and a Ru-induced effect occur, leading to good homogeneity of
the two metallic species.
2.2. Structural Characterizations of Ru-Based Cata-

lysts (Powders). The previous liquid mixtures were hydro-
lyzed (with a hydrolysis ratio of h = H2O/Al = 5) using a
mechanical anchor in a batch reactor. This very simple
procedure leads to the formation of gels that are transformed
into powders after drying. The remaining traces of alcohol
produced by the hydrolysis reaction are removed under
vacuum at 25 °C. They were labeled Ru1%_Pristine and Ru3%
_Pristine.

The Ru/Al molar ratios determined by X-ray fluorescence
spectroscopy (XRF) were 0.8% and 3.1% for Ru1%_Pristine
and Ru3%_Pristine samples, respectively. The global compo-
sition is in good agreement with the expected one, considering
the experimental parameters.

X-ray diffraction analysis (XRD) (Figure 2a) of Ru1%
_Pristine exhibits very broad diffraction peaks characteristic of
a poorly structured boehmite. After heating under H2 at 200
and 250 °C, peaks are sharper, indicating an increase of
boehmite crystallinity. However, no additional peak of

crystalline ruthenium species is detected in XRD, probably
due to the very small Ru content or the very small size of the
Ru domains. The diffraction diagram of 3%Ru_Pristine is
characteristic of amorphous aluminum oxi-hydroxide material
superimposed on sharp peaks below 30° corresponding to
Ru(acac)3 crystals. After heating under H2, Ru(acac)3
crystalline peaks disappear and AlOOH peaks are clearly
identified, indicating a better structuration of the aluminum
oxi-hydroxide network. In addition, we observe the appearance
of a broad peak at 2θ = 44°, indicative of the (101) peak of hc-
Ru.

Transmission electron microscopy (TEM) of the 1%
Ru_Pristine sample (Figure 2. (b)) exhibits no high electronic
density aggregate, while very few particles of about 2 nm are
visible in 3%Ru_Pristine powder. After hot reduction, well-
dispersed particles of 2.5 nm on average are clearly identified
on the high-resolution transmission electron microscopy
(HRTEM) image. A counting of particle size distributions
given in Supporting Information 11 evidence that very little
difference exists (2.7 vs 2.3 nm on average, with an error bar of
0.5 nm) after reduction at 200 and 250 °C respectively. The
fast Fourier transform (FFT) of the high-resolution scanning
transmission electron microscopy (STEM) confirms that it is
indeed metallic ruthenium nanoparticles. In parallel, TEM and
STEM images at high resolution indicate nanoparticles of 3.7

Figure 3. HAADF-STEM images of the reduced samples: (a) 1%Ru_200 °C and it is corresponding EDX elemental maps (b−d) measured on Al
(blue), O (yellow), and Ru (red). (e) HAADF-STEM image of 1%Ru_250 °C and its corresponding EDX elemental maps (f)−h). (i) HAADF-
STEM image of 3%Ru_200 °C and its corresponding EDX elemental maps (j−l). (m) HAADF-STEM images of 3%Ru_250 °C and its
corresponding EDX elemental maps (n−p).
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nm on average well dispersed on the boehmite sheets. A
counting of particle size distributions given in Supporting
Information 11 evidence that very little difference exists (3.5 vs
3.8 nm in average, with an error bar or 0.5 nm) after reduction
at 200 and 250 °C.

The FFT of the STEM at high resolution confirms that it is
indeed metallic ruthenium.

The HAADF-STEM images confirm the good dispersion of
Ru particles all over the AlOOH support (Figure 3). The
STEM tomography was carried out on the sample 3%Ru_250
°C (Video S1). The dark field data processing allowed us to
observe the distribution of Ru nanoparticles on the surface of
the mesoporous network of the boehmite support.

Textural analysis by N2 physisorption of the aluminum-
based reference 0%Ru_pristine shows that the solvent-free
synthesis produced a high surface area and high-volume
material with 725 and 1.72 cm3·g−1, respectively (Supporting
Information 12). All samples exhibit isotherms that belong to
type IV, with a characteristic hysteresis loop associated with
slit-shaped opened mesopores (Figure S7). Brunauer−
Emmett−Teller (BET) surface areas (Table 1) of the reference

and ruthenium-loaded samples are very high, ranging from 300
to 725 m2·g−1. These values are comparable to the highest
values reported for mesoporous alumina prepared from
aluminum alkoxide in optimized Yoldas synthesis using
chelating agents (optimal acacH/ASB mole ratios),45 peptiza-
tion, and pretreatment under vacuum of the obtained gels after
synthesis.46 The pore volumes of the materials range from 0.63
to 1.72 cm3·g−1 (Table 1). They are comparable to pore
volumes of ordered mesoporous alumina prepared via
surfactant-induced fiber formation.47 These large pore volumes
can be attributed to intercrystalline cavities created by
randomly stacked AlOOH nanosheets.23 We observed that,
for nontreated pristine materials, the introduction of 1 wt %
and 3% of ruthenium centers induces a progressive loss of
surface area and porous volume. This decrease of textural
properties is coherent with the progressive loss of structural
order observed by XRD, indicating smaller crystalline domains,
which are likely to form more compact structures. One has to
notice, however, that the incorporation of ruthenium centers
also induces the introduction of acetylacetonate ligands that
are still trapped within the structure and contribute to the
decrease in surface area and porous volume, maybe by blocking
some porosity.

The variations of textures observed after heat treatment at
200 °C (strong loss of surface area, while porous volume is
little affected) are probably due to the progressive disappear-
ance of acetylacetonate ligands and remaining alkoxide groups
as well as to the recrystallization of the boehmite lattice
observed in XRD. The decrease in surface area observed

during heat treatment is consistent with the crystallization of
the boehmite lattice (the improved stacking of AlOOH sheets
during reduction results in the decrease of adsorption surface
area). At this stage of the study, we cannot separate the
contribution of heating (which allows desorption of organic
residues and improved structural mobility) from the effect of
ruthenium reduction (which perhaps leads also to the release
of Al surface sites, favoring better crystallization of the
boehmite network). Finally, textural evolutions observed after
250 °C reduction treatment probably result from progressive
structural rearrangement (densification, pore opening, Ruthe-
nium reduction, migration, etc.) that is not well understood
yet. From these data, it is difficult to determine if Ru(0)
particles are trapped within the boehmite deposited at its
surface.

X-ray photoelectron spectrometry technique was employed
additionally to establish the oxidation states of the surface
ruthenium atoms before catalytic activity measurements.
Figure S8 displays the XPS survey spectra for C 1s and Ru
3d of the six samples. The atomic percentages of Al and the
different oxidation states of Ru are reported in Table S1. Both
1%Ru_pristine and 3%Ru_pristine indicate the presence of
oxidized ruthenium (labeled RuOx in this manuscript). After
reduction under H2 XPS, data show that all ruthenium centers
in materials analyzed are not reduced. All samples indicate the
presence of metallic Ru(0) with the ratio of Ru(0) to total Ru
detected by XPS (Ru(0)/Rutot) ranging between 39% (for 1%
Ru_250) and 71% (for 3%Ru_250). Although we took as
much precaution as possible to protect samples for XPS
analyses, we know that air exposure is likely to promote surface
reoxidation and thus decrease the Ru(0)/Rutotal ratio. Yet, the
large difference observed between samples is very likely the
signature of the presence of nonreduced ruthenium centers
after reduction at 200 and 250 °C.

Based on the data acquired so far, it is difficult to determine
without ambiguity the exact localization of Ru centers after
sol−gel polycondensation of the inorganic network, i.e.,
trapped within the alumina matrix or on the surface. Yet,
considering that (i) the presence of ruthenium strongly affects
the structuration of pristine materials, (ii) the coordinance of
aluminum centers is affected by the presence of Ru(acac)3, and
(iii) all ruthenium centers are not fully reduced by H2
treatment, we can assume that a part of the Ru centers is
trapped within the boehmite network rather than deposited
onto their surface and/or on boehmite nanocrystal edges.

From a catalytic point of view, the proportion of Ru(0)
atoms effectively accessible on the surface of the catalyst (i.e.,
Ru dispersion, calculated as Ru(0)surface/Rutotal) is a crucial
parameter because it determines the amount of potentially
active sites. The dispersion value was measured by H2
chemisorption, assuming a chemisorption stoichiometry of
H/Ru = 1 8,48−50 (Table 2). The metal dispersion is calculated
by dividing this value by the total amount of Ru present in the
catalyst [Rutotal, measured by energy dispersive X-ray
fluorescence (EDXRF)].

The catalyst reduced at 200 °C with 1% Ru loading displays
a dispersion of 12%. The dispersion increases to 19% for the
catalyst reduced at 250 °C. This result can potentially indicate
that the heat treatment at 250 °C favors the migration of Ru
species from the support matrix toward the surface, a
phenomenon referred to as “exsolution”, where they are
more prone to reduction.51 The catalysts with 3% Ru loading
display Ru dispersion of 3.3 and 2.9% for 3%Ru_200 °C and

Table 1. BET Surfaces and Pore Volumes of the Sample
According to N2 Physisorption

sample BET surface area (m2·g−1) pore volume (cm3·g−1)

0%Ru_pristine 725 1.72
1%Ru_pristine 688 1.16
1%Ru_200 °C 337 1.08
1%Ru_250 °C 435 1.51
3%Ru_pristine 507 0.65
3%Ru_200 °C 378 0.72
3%Ru_250 °C 302 0.63
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3%Ru_250 °C, respectively, meaning that only a small quantity
of metallic Ru is accessible for H2 chemisorption.
2.3. Catalytic Activity Measurement toward CO2

Methanation. These materials have structural and chemical
properties that are very interesting for the thermocatalytic
hydrogenation of CO2 to CH4. The catalytic performances
toward CO2 conversion and CH4 production were measured
for these reduced Ru/AlOOH materials prepared by direct
solvent-free synthesis. The catalytic tests were carried out at
200, 250, and 300 °C at atmospheric pressure with a gas flow
space velocity of 12,000 mL·g−1 h−1 and a H2:CO2 ratio of 4:1.
Samples were activated in situ under H2 at 200 °C.

When the reaction temperature increases from 200 to 300
°C, the CO2 conversion logically increases for all of the
catalysts (Figure 4a). As expected for Ru-based catalysts in this
temperature range, the selectivity for CH4 is 100%. Catalysts
with a low loading of 1% Ru exhibit low CO2 conversions
(about 2%) at 200 °C and reach a maximum CO2 conversion
of 43% at 300 °C. The specific activity of these two samples,
1%Ru_200 °C and 1%Ru %_250 °C, is comparable at all the
temperatures tested, reaching about 22 and 24 mmol·gcat

−1·h−1

at 300 °C. The catalysts with higher loading, 3%Ru_200 °C
and 3%Ru_250 °C, have CO2 conversions of 11 and 12% at
200 °C and reach 66 and 54% at 300 °C, respectively. These
conversions are comparable to those reported for catalysts in
the literature.52 The specific activity of the CH4 production
rate at 200 °C (at low conversion to remain in the differential
conversion regime) (Figure 4b) are similar for 3%Ru_200 °C
and 3%Ru_250 °C (6.1 and 6.2 mmol·gcat

−1·h−1, respectively).
At 250 and 300 °C, the CH4 production rate of 3%Ru_200 °C
presents slightly higher activity than 3%Ru_250 °C.

Taking Ru dispersion into account, an “apparent TOF” can
be calculated, here defined as the specific productivity
normalized by the amount of Rusurface (Table 3). We performed
this calculation by simply assuming that no spillover effect was
taking place. At low conversions (catalytic tests performed at
200 °C), apparent TOF values reach 84 and 52 g−1·h−1,
respectively, for 1%Ru_200 °C and 1%Ru_250 °C. Such
values are in the same range for the two samples and are
comparable to Ru systems with similar concentrations
prepared by impregnation on the TiO2

53 support and on a
commercial reference Ru/Al2O3 reported in the literature.54

Calculated TOF values of catalytic tests performed at 200 °C
for 3%Ru_200 °C reach 359 g−1·h−1 and 412 h−1 for the 3%
Ru_250 °C sample. Reckoning that Ru NP size depends on
the reduction temperature, the fact that the apparent TOF
tends to differ may be related to the structure-sensitivity of this
catalytic reaction.55

The catalytic performances of the 1% Ru/Al molar ratio
prepared by the direct integrative one-pot solvent-free
synthesis were compared to a reference Ru/Al2O3. This
reference, named 1%Ru_Imp_Ref, was prepared by wetness
impregnation of a preformed γ-Al2O3 support, which was made

Table 2. Ruthenium Dispersion Determined by H2
Chemisorption Analysis for the Samples Reduced at 200
and 250 °C

sample H2 adsorbed (μmol·gcat
−1) dispersion (%)

1%Ru_200 °C 7.7 12.0
1%Ru_250 °C 11.8 19.0
3%Ru_200 °C 8.5 3.3
3%Ru_250 °C 7.4 2.9

Figure 4. Catalytic performances at 200, 250, and 300 °C of the
reduced samples prepared by the solvent-free synthesis method: (a)
CO2 conversion and (b) CH4 production rate.

Table 3. Catalytic Performances of the Reduced Materials
for the Hydrogenation of CO2 to Methane

a

sample
catalysis
T (°C)

CO2
conversion

(%)
CH4 production rate
(mmol·gcat

−1·h−1)
TOF
(h−1)

200 2 1.3 84
1%Ru200 °C 250 13 7.0 466

300 41 21.9 1462
200 2 1.2 52

1%Ru_250 °C 250 12 6.3 264
300 43 24.3 1026
200 2 0.9

1%Ru_Imp-ref 250 10 5.7
300 43 25.9
200 11 6.1 359

3%Ru_200 °C 250 34 18.2 1072
300 66 35.5 2092
200 12 6.2 412

3%Ru_250 °C 250 30 16.4 1097
300 54 30.6 2049

aIn all experiments, we obtained a 100% selectivity for CH4.
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by solvent-free synthesis (SBET = 393 m2·g−1 and Vp = 1.4 cm3·
g). Its final molar Ru/Al ratio was 1% (corresponding to 2 wt
% %Ru/Al2O3). The XRD pattern and TEM images of γ-Al2O3
ref 1%Ru_Imp_Ref are presented in Figures S9 and S10,
respectively. γ-Al2O3 was selected as it is a stable and very
common heterogeneous catalyst support. In Figure 5, the three

catalysts, 1%Ru_200 °C, 1%Ru_250 °C, and 1%Ru_Imp_Ref,
exhibit very similar CO2 methanation activity. Thus, the direct
solvent-free, one-pot synthesis produces catalysts as efficient as
impregnation.

In order to gather more information on the structural
stability of our catalysts, the materials were characterized by
XPS and TEM (Figure 6) after catalysis (that is, after 300 °C
for 1 h). On TEM images, one can observe a larger Ru particle
size distribution (Figure S11) after a catalytic test. XRD
analyses of 3%Ru_200 °C and 3%Ru_250 °C after catalysis
(Figure 6b) indicate a sharpening of the peak at 44° of the
metallic Ru(101), which could be attributed to the sintering of
Ru NPs during catalysis. From XPS (Figure 6a) of reduced 1%
Ru_200 °C, 1%Ru_250 °C, and 3%Ru_250 °C samples, one
observes a decrease in the Ru/Al ratio, which can be explained
by the small photoelectron mean free path that promotes
limited information depth on Ru(0) particles (some Ru centers
cannot be detected anymore) (Table S2).

The solvent-free direct synthesis materials presented here
display catalytic activity for CO2 methanation, but their
performance is still far from optimal. From the data gathered
so far, we know that the solvent-free synthesis approach leads
to mixed oxide structures in which Ru centers are very well
dispersed. The reduction of the catalysts leads to the
exsolution of ruthenium, one part of which is reduced. From
TEM pictures and XRD, we clearly proved the presence of NPs
in the range of 1 and 4 nm before catalytic tests, but
considering their formation mechanism (exsolution), we
cannot exclude the presence of single atoms and/or clusters
of Ru(0). In the future, it will be necessary to determine the
exact distribution of Ru centers within such a matrix and its
evolution during the reduction step, heating, and catalytic tests.
The objective is to optimize the thermal activation treatments
of the mixed catalyst to improve the accessibility of ruthenium
by adding phases (TiO2) that can stabilize Ru on the surface. It

would also be interesting to consider working with less
expensive active phases, such as nickel.

However, from a sustainability point of view, as discussed in
our previous article,36 the synthesis process of the catalysts
prepared by direct solvent-free sol−gel synthesis seems to be
more efficient in terms of integration of the synthesis process
compared to catalysts prepared by impregnation of the active
phase on gamma-alumina prepared in the same conditions.
2.4. Atoms, Energy, and Liquid Waste Production

Metrics. We made an attempt to compare the production of
the Ru(0)/γ-AlOOH catalyst prepared by the solvent-free sol−
gel method with the production of a classical Ru(0)/γ-Al2O3
catalyst prepared in a conventional way by precipitation of
boehmite, calcination, and postimpregnation (which is
representative of industrial reality).36,56 We are aware that
both catalysts do not have similar crystalline structures, but
references to catalysts Ru(0)/γ-AlOOH are very hard to find in
the literature. For the calculation of atoms and energy
consumption, this difference has a limited effect (the additional
calcination step will be specifically highlighted and discussed in
order to avoid possible confusions).

We considered, in this section, three key indicators: atom
consumption, energy consumption, and waste generation. To
assess waste generation, we utilized two metrics: “E-factor”,
which is the total mass of waste divided by the produced mass
of catalyst, not taking into consideration water, and “complete
E-factor” or cE-factor which is the total mass of waste divided
by the produced mass of catalyst, which considers water
consumption as well (nowadays much more relevant according
to the United Nations Challenges for this century).57

Considering that water purification for synthesis is expensive
and that recycling water consumes time and energy, the cE-
factor provides a more relevant measure for assessing the
environmental impact of the catalyst production process. We
excluded from this evaluation all catalyst shaping steps because
a vast majority of literature reports only the test of powder
materials with no description of the shaping protocol. The
energy consumption of the devices was not considered. As a
consequence, we are comparatively estimating in this manu-
script only the absolute minimum of energy needed for phase
transitions, heating of solvents or solids, and evaporation
processes. The exact estimation of industrial energetic cost
requires a dedicated study, and the result depends mostly on
the size of production units, the exact preparation protocols of
industrial products, the type of production devices, and a
proper multiplicative factor taking into consideration all
thermal losses from heating and calcination steps. These data
are not often shared by the industry, making it challenging to
provide an exact estimation of the energetic cost without
conducting a dedicated life cycle study. For a simple
comparative study, we can simply consider that energetic
consumption increases with the number of synthesis steps, the
number of heating steps, and the volume of solvent used.

Two production scenarios were compared. First, a classical
batch production method whose parameters have been taken
from literature, including calcination steps, was chosen as a
standard protocol.14,55,58 It was already used as a reference in a
previous article, which contains more details.36 In this scenario,
both acidic and basic aluminum salts are coprecipitated and
aged in hot water to form γ-AlOOH. The as-obtained
boehmite is then filtered and washed several times for
removing counterions before drying. In that case, we
considered the use of 0.75 mol·L−1 of aluminum salt in

Figure 5. Catalytic activity of the 1% Ru/Al molar ratio samples
prepared by direct one-step solvent-free synthesis catalysts and the
reference prepared by wetness impregnation.
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water and two possible precipitation temperatures, 30 and 85
°C. Regarding the washing step, we assumed that three times
the volume of solvent used in the reaction is required at
ambient temperature. Although this step is typically not
extensively described in the literature, based on salt dilution
calculations, it is likely that a minimum of three washings are
necessary. After the last filtration and drying, boehmite is
calcined to obtain porous γ-Al2O3. This powder is then
impregnated with a Ru(NO)(NO3)3 precursor solution and
dried (we used the strict minimum amount of water that is
equal to 1.2 times the mesoporous volume of alumina
powder). According to the literature, reaching the active
phase loading of 2 wt % requires two successive impregnation
steps.55 Higher loadings require additional impregnation and

evaporation steps (thus more atoms and more energy). The
two final steps of the synthesis are a first calcination in air at
400 °C for decomposing the ruthenium precursor into the
catalytic reactor and a second one under H2 gas for the final
conditioning, in which RuO2 is reduced to Ru(0). For the
latter, we assumed a temperature of 250 °C and very
optimistically considered that there is no loss of H2 during
the process and only two H2 molecules are enough for
reducing a Ru(IV) center in Ru(0).

The second scenario is the as-proposed solvent-free reaction
in which both aluminum alkoxide and Ru(acac)3 precursors are
first reacted at 130 °C (without any other reagents or
solvents). In this scenario, we consider that the obtained
reactant mixture is allowed to cool until 50 °C, the

Figure 6. (a) Evolution of the XPS Ru/Al atomic ratio for the reduced samples before catalysis (filled bars) and after catalysis (hatched bars). (b)
XRD patterns of 1%Ru_200 °C, 1%Ru_250 °C, 3%Ru_200 °C, and 3%Ru_250 °C after catalysis (AC stands for After catalysis) (c)TEM of 1%
Ru_200 °C after catalysis, (d) TEM of 1%Ru_250 °C after catalysis, (e) TEM of 3%Ru_200 °C after catalysis, and (f) TEM of 3%Ru_250 °C after
catalysis.
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temperature at which the small amount of water is introduced
for the hydrolysis reaction. This reaction is exothermic, so no
additional energy input is required for the 10 min of reaction.
Although the exothermicity of this reaction is sufficient to
evaporate the vast majority of the alcohol produced during the
reaction, we considered that all of the alcohol produced
required energy for its evaporation (we therefore assumed the
worst possible energy consumption for our material). No
calcination step is required for our material since the final
conditioning, in which the Ru precursor is reduced to Ru(0)
with H2 gas, takes place in the catalytic reactor (it is performed
at the same temperature as the first scenario at a temperature
of 250 °C). In that case, we assume for calculations that
Ru(III) is reduced to Ru(0).

All powder drying energy consumptions were calculated by
considering only the vaporization enthalpies of species such as
solvent or alcohol molecules. For example, the wet cake of
boehmite typically contains between 84 and 93 wt % of water
before drying59,60 We summarized the comparison in Figure 7.

The comparison of water consumption between classic
precipitation and solvent-free methods instantly emphasizes
the significant advantage of direct solvent-free synthesis, which
completely eliminates the need for solvents (using 69 times
less water) and produces no liquid waste. When water is
excluded from the calculation, the E-factor for the standard
impregnation method is 2.4 times higher. A more realistic
comparison based on cE-factors reveals a value of 112.1 for
scenario 1, which is more than 24 times higher than that of the
one-pot solvent-free method, highlighting the substantial
sustainability benefit attainable through this frugal process.

Energy consumption for each step of the synthesis protocols
of both scenarios (Figure 7a,b in blue) is given for the
production of 1 kg of AlOOH. We can clearly see that

conventional solution synthesis is by far the most energy-
intensive due to the large amount of solvent and drying steps
required for substrate preparation (synthesis, drying, and
calcination) and impregnation (ripening and drying, calcina-
tion, and reduction). In contrast, the solvent-free sol−gel
method consumes a very low amount of energy, 1.29 MJ/kg,
while the standard protocol needs between 32.7 and 56.23 MJ/
kg, (25−43 times more). If we compare scenarios at thet
equivalent inorganic phase (boehmite), we can remove the
contribution of step 4 of scenario 1 (calcination transforming
boehmite into gamma alumina): the solvent-free scenario still
consumes from 24 to 42 times less energy.

Although aluminum alkoxides are more expensive than their
salt counterparts, it is very likely that the difference in reagent
costs can be offset by the substantial savings in energy costs,
waste management costs, and the reduction in the number of
synthesis steps (reduction in the number of devices leading to
lower investment, maintenance, and labor costs). Globally, the
solvent-free sol−gel synthesis involves three steps and only one
reactor in an easy way, which offers a realistic alternative to the
impregnation multistep method. By eliminating the need for
multiple steps and devices, this approach presents a global
environmental footprint that is significantly improved.

3. CONCLUSIONS
The potential of a new solvent-free synthesis strategy for
preparing Ru(0)/γ-AlOOH and Ru(0)/γ-Al2O3 supported
ruthenium catalysts for CO2 methanation was investigated.
We first developed a direct integrative solvent-free preparation
of mixed Al/Ru mixed oxide by sol−gel co-condensation of
ASB and Ru(acac)3 precursor, leading, after reduction, to a
very efficient dispersion of Ru centers (NPs from 1 to 4 nm)
within a high surface area AlOOH matrix. We compared the

Figure 7. Energy, atoms, and waste metrics given for the synthesis of 1 kg of AlOOH. The minimal energetic consumption of each synthesis step is
written in blue (a) standard precipitation synthesis and incipient wetness impregnation protocols of support Ru(0)/Al2O3 catalysts. (b) Solvent-
free sol−gel protocol of supported Ru(0)/AlOOH. (c) Atom, E-Factor, and cE-factor calculated for a conventional (precipitation + post
impregnation) synthesis and our solvent-free synthesis.
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catalytic properties of co-condensed materials and post-
impregnated ones and observed that both types presented
similar and interesting catalytic performances (considering that
a significant part of Ru is not accessible to H2 chimisorption).
We demonstrate with this work that it is possible to synthesize
efficient and competitively supported catalysts with a minimal-
ist process. This proof-of-concept allows us to take a step
toward frugal innovation in the preparation of supported
catalysts that focus on providing essential functionalities by
eliminating nonessential features and components with a
drastic atom and energy economy. By extension, our approach
is easy to extend to numerous mixed oxide compositions
(coming paper) adapted to various catalytic reactions. We
believe that this approach, which drastically reduces complex-
ity, is very promising, for it can achieve highly integrated
industrial processing requiring a very low amount of energy
using a strict minimum of atoms and producing almost no
waste.

4. EXPERIMENTAL SECTION
4.1. Materials. Ruthenium(III) acetylacetonate and aluminum

trisec-butoxide were purchased from Sigma-Aldrich. Ruthenium(III)
nitrosyl nitrate, 1.5% w/v in a diluted aq. nitric acid solution, was
purchased from Thermo Scientific Chemicals. All chemicals were used
as received without further purification.
4.2. Preparation of Ru-Based Catalysts. The solvent-free sol−

gel synthesis of the Ru-based catalysts was performed as follows:
Ru(acac)3 is mixed with aluminum trisec-butoxide (ASB) with Ru/Al
molar ratios of 1 and 3% (equivalent to wt %Ru 2% Ru/Al2O3 and 6%
Ru/Al2O3) without the addition of solvent. The reactive medium is
then aged at 130 °C for 8 h in an oven in order to have a
homogeneous mixture. Then, it is hydrolyzed in a mixer with a steel
anchor for 10 min at 210 tr·min−1, with a hydrolysis ratio h = 5.

Gels resulting from the synthesis were dried for 12 h under a
vacuum at 25 °C to obtain powders. They are labeled as “pristine”
materials. These powders were then reduced at 200 and 250 °C under
pure H2 at 2 bar in static conditions for 4 h before being tested for
CO2 methanation.

Reference Ru/Al2O3 materials were prepared by incipient wetness
impregnation of solvent free-sol−gel Al2O3 (prepared according to ref
36)36 with Ruthenium(III) nitrosyl nitrate solution concentrated at
1.5% (typical). Two Ru loading Ru/Al molar ratios of 1 and 3%
(equivalent to wt %Ru 2% Ru/Al2O3 and 6% Ru/Al2O3) were
prepared. These powders were dried under a vacuum at 40 °C before
being reduced at 250 °C under pure H2 at 2 bar for 4 h. The obtained
catalyst is labeled 1%Ru_Imp-ref.
4.3. Reactive Media Characterization. 4.3.1. NMR. NMR

spectroscopy experiments were performed on a Bruker AVIII 300
spectrometer, operating at 300.13 and 78.21 MHz for 1H and 27Al,
respectively, and equipped with a 5 mm BBFO probe. The samples
were diluted in CDCl3 prior to analysis. 27Al chemical shifts are
referenced to an external Al(NO3)3 1 M solution in D2O. The probe
signal was subtracted from the 27Al spectra. 1H chemical shifts are
internally referenced using the protonated impurity of the solvent,
d(CHCl3/CDCl3) = 7.26 ppm. The deconvolution of the 27Al NMR
spectra was carried out with DMFit software.61

4.4. Catalyst Characterizations (Powders). 4.4.1. Energy
Dispersive X-ray Fluorescence. Elemental analyses of the powders
were carried out by EDXRF using an Epsilon 3XL spectrometer from
Malvern-Panalytical equipped with a silver X-ray tube. The calibration
was performed by depositing a mass in the range 0−20 μg of the
standard solution of each element with a concentration of about 1 g·
L−1 on a polycarbonate membrane. The detection limit for Ru was
determined to be 25.9 ng.
4.4.2. X-ray Diffraction. X-ray diffraction (XRD) was carried out

by a low-angle diffractometer, Bragg−Brentano Bruker D8 AD-
VANCE, using filtered Cu Kα radiation over a 2θ range of 4 to 80°
with a step size of 0.02°.

4.4.3. Transmission Electron Microscopy. Transmission electron
microscopy (TEM) was carried out by a TECNAI 120 Spirit Twin
instrument at an acceleration voltage of 120.0 kV with a Gatan Orius
1000 camera model.
4.4.4. STEM−EDX and HAADF. STEM/EDX characterizations

were performed on a JEOL 2100 Plus microscope equipped with a
LaB6 gun. Mapping and EDX of the O, Al, and Ru elements were
collected by combining HAADF-STEM (high angular annular dark
field scanning transmission electron microscopy) and an EDX Oxford
detector (SDD 80 mm2, Oxford Aztec software).
4.4.5. XPS. XPS analyses were performed using an Argus X-ray

photoelectron spectrometer equipped with a monochromated Al Kα
radiation source (hν = 1486.6 eV) and a 280 W electron beam power.
The emission of photoelectrons from the sample was analyzed at a
takeoff angle of 45° under ultrahigh vacuum conditions (≤10−9
mbar). Spectra were carried out with a 100 eV pass energy for the
survey scan and a 20 eV pass energy for the core-level regions.
Binding energies were calibrated against the C 1s (C−C) binding
energy at 284.8 eV, and element peak intensities were corrected by
Scofield factors. The peak areas were determined after subtraction of a
U 2 TOUGAARD background. The spectra were fitted using Casa
XPS v.2.3.15 software (Casa Software Ltd., U.K.) and applying a
Gaussian/Lorentzian ratio g/l equal to 70/30.
4.4.6. Nitrogen Adsorption−Desorption Analysis. The specific

surface area of the catalysts was obtained by the nitrogen adsorption−
desorption isotherm collected at 77 K on a BELSORP Max from
MicrotracBEL. The samples were outgassed for 6 h at 110 °C prior to
the analysis. SBET was calculated by applying the BET method for N2
relative pressure in a range of 0.05 < P/P0 < 0.35, and the pore size
distribution was estimated by Barrett−Joyner−Halenda (BJH)
method62 on the desorption data.
4.4.7. H2 Chemisorption. The accessible Ru atoms on the catalyst

surface were evaluated by H2 chemisorption at 35 °C using a 3Flex
apparatus from Micrometrics. Catalysts reduced under pure H2 at 200
and 250 °C with weights between 100 and 230 mg were analyzed.
They were introduced into a Pyrex tube and secured with quartz
fibers. They were first degassed under a vacuum at 80 °C for 30 min,
with a temperature rate of 3 °C/min to reach 80 °C, followed by a
treatment under He at 110 °C for 1 h and an adsorption of H2. Two
isotherms were measured in the range of 0.13−60 kPa. The first
isotherm corresponds to reversible physisorption and irreversible
chemisorption. The sample was then evacuated, and the adsorbed H2
was reversibly desorbed to measure the second isotherm correspond-
ing to the physisorbed H2. The linear part of the two isotherms was
subtracted to get the total amount of irreversibly adsorbed H2, which
stands for the chemisorbed H2. The metal dispersion, Rusurface/Rubulk,
is estimated from a hydrogen adsorbed on Ru bulk (Had/Rubulk)
ratio assuming a chemisorption stoichiometry H/Ru = 1 for all the
samples.
4.4.8. Catalytic Activity Measurement. The catalytic performances

of the reduced materials prepared by direct solvent-free synthesis and
the references prepared by wetness impregnation were measured in a
continuous-flow gas-phase reactor at atmospheric pressure. For each
test, 100 mg of undiluted catalyst was introduced inside a stainless-
steel flow reactor (without any pelletizing, grinding, or sieving) and
secured with quartz fiber wool. The catalyst was preactivated in situ
for 2 h under H2 30 mL·min−1 at 200 °C with a 5 °C·min−1

temperature rate to reach the plateau. For the catalytic test, a mixture
corresponding to a stoichiometric feed of (H2/CO2/He) (1:4:5) was
injected. The gas hourly space velocity of the mixture gas was 12,000
mL·g−1·h−1. The catalytic activity and selectivity were measured while
sweeping the reaction temperature at 200, 250, and 300 °C using a 5
°C/min ramp rate between temperature points. The temperature was
kept for 2 h at each point to reach the stable state, indicated by at least
consecutively stable effluent gas measurements. A thermocouple
located inside the catalyst bed was used to measure the real
temperature inside the reactor. The products from CO2 methanation
were analyzed online with a Shimadzu gas chromatograph GC2014
equipped with both a thermal conductivity detector (TCD) and a
flame ionization detector. The CO2 conversion (XCOd2

) and intrinsic



turnover frequency (TOF) were calculated according to the equations
below, where F is the molar flow rate, NRu is the mole of Ru surface
atom calculated from H2 chemisorption normalized on sample weight,
and CH4 selectivity is 100%
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