


catalysts, in which the two metals form alloy-type NPs, were
applied to the hydrogenation of multifunctional aromatic
substrates (e.g., benzylideneacetone, bicyclic heteroaromatics,
etc.), evidencing strong synergistic effects with activities and
selectivities inaccessible to the individual metals. Interestingly,
the nature of the “diluting” 3d metal was found to finetune the
catalytic properties, but the same general trends were observed
for suppression of aromatic ring hydrogenation and enhance-
ment of CO hydrogenation.29,34

These tunable effects are still poorly understood at the
fundamental level. While previous reports focused on
combinations of metals that produced alloyed NPs, we
selected for the present study manganese (Mn) and ruthenium
(Ru), two immiscible metals.39,40 The immobilization of noble
metal NPs on manganese oxide has been previously explored
by Manyar et al. and McManus et al., using Pt NPs on a porous
manganese oxide (OMS-2) for the hydrogenation of CC
and nitro groups.41,42 However, reports on the preparation of
bimetallic NPs of Mn and a noble metal such as Ru are
extremely scarce,43−45 and such NPs have so far not been
applied as hydrogenation catalysts. The abundance and low
environmental impact of Mn,46,47 and the excellent hydro-
genation performance of some Mn-based organometallic
catalysts48−51 make this apparent lack of knowledge on
combining Mn and Ru for catalytic applications particularly
intriguing.
Thus, we present herein the preparation of a series of

MnxRu100−x@SILP catalysts, their characterization, and
application for a model hydrogenation reaction. MnxRu100−x

NPs with a wide range of tunable compositions were
synthesized following an organometallic approach involving
the coreduction of a Mn and Ru complex under mild
conditions in the presence of the SILP (Figure 1a). The
resulting materials were characterized by a variety of methods,
including electron microscopy and X-ray absorption spectros-
copy (XAS) techniques to determine NP size, elemental
composition and oxidation states, with a specific focus on the
interaction between Mn and Ru in the NPs (Figure 1b). The
influence of the Mn:Ru ratio on the catalytic performances was

evaluated in the hydrogenation of benzylideneacetone, a
prototypical example for substrates with several potentially
reducible moieties (Figure 1c). Comparison with previously
reported FeRu and CoRu alloys provided additional insight
into the influence of the composition and structure of
bimetallic NPs on their catalytic properties.

2. MATERIALS AND METHODS

2.1. Synthesis. The imidazolium-based SILP was prepared
according to a previously published procedure.29 In brief, the
ionic liquid [1-butyl-3-(3-triethoxysilylpropyl)-imidazolium]-
NTf2 (NTf2 = bis(trifluoromethanesulfonyl)imide) was
chemisorbed onto dehydroxylated SiO2 (500 °C for 16 h in
vacuo) via a silanization reaction. This SILP was demonstrated
to be suitable for the synthesis and stabilization of various
mono- and bimetallic NPs used for hydrogenation19,29,32,34 and
hydrodeoxygenation reactions,31,33 and is thermally stable up
to 350 °C.19 Notably, our group recently employed this SILP
for the stabilization of monometallic Mn NPs applied to
catalytic transfer hydrogenation reactions.52 MnxRu100−x NPs
were immobilized on the SILP following an organometallic
approach involving the in situ reduction of [Mn[N-
(SiMe3)2]2(THF)] (THF = tetrahydrofuran) and [Ru(cod)-
(cot)] (cod = 1,5-cyclooctadiene; cot = 1,3,5-cyclooctatriene)
in the presence of the SILP in mesitylene under an atmosphere
of H2 (3 bar) at 150 °C over 18 h, giving MnxRu100−x@SILP
materials with a theoretical total metal loading of 1 mol %. The
selected organometallic metal complexes were chosen based on
a combination of stability during handling and ligand lability
upon hydrogenation, allowing the formation of well-defined
NPs with a clean surface and tunable composition (x = 0, 10,
15, 25, 33, 50, 75, 100).
2.2. Characterization. N2-adsorption studies of

MnxRu100−x@SILP materials showed Brunauer−Emmett−Tell-
er (BET) surface areas in the 200−265 m2 g−1 range (Table
S1). The observed decrease in surface area as compared to the
starting dehydroxylated silica support material (342 m2 g−1) is
expected due to the surface coverage by the chemisorbed ionic

Figure 1. Methodology followed in this study. (a) Synthesis of bimetallic MnRu nanoparticles (NPs) on supported ionic liquid phases; (b)
characterization of the resulting MnxRu100−x@SILP materials; (c) model reaction and reaction network used to evaluate hydrogenation
performance of MnxRu100−x@SILP.
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liquid-like layer. Metal loadings and Mn:Ru ratios were
determined by scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDX) and are in excellent
agreement with theoretical values (Table S2). MnxRu100−x@
SILP materials were further characterized by transmission and
scanning transmission electron microscopy (TEM and STEM,
respectively), showing the presence of small (1−4 nm) and
well-dispersed NPs (examples in Figures 2 and S1−S6,
summary provided in Table S2) in all cases irrespective of
the Mn:Ru ratio, with a few aggregates visible in some
materials. Interestingly, the smallest NPs were observed on
Mn50Ru50@SILP (1.3 ± 0.4 nm, Figure S5). NPs size
progressively increased with the increase in Mn content (up
to 2.0 nm for Mn100@SILP) or Ru content (up to 3.6 nm for
Ru100@SILP). Such trend was not observed for FexRu100−x@
SILP, CoxRu100−x@SILP and CoxRh100−x@SILP materials
prepared by a similar approach.29,32,34

Elemental mappings of Mn and Ru using STEM-HAADF-
EDX (HAADF = high-angle annular dark-field) showed the
presence of NPs containing both Mn and Ru (Figures 2 and
S7−S9), indicating the successful preparation of bimetallic
MnxRu100−x NPs on the SILP support. Interestingly, NPs were
more agglomerated and not bimetallic when using unmodified
SiO2 instead of the SILP as a support (Figures S10−S11),
presumably due to the sensitivity of the [Mn[N-
(SiMe3)2]2(THF)] precursor toward the SiO2 surface.
Mn25Ru75@SILP was further investigated using aberration-

corrected STEM with atomic resolution (Figure S12) and
lattice parameters of the NPs were determined by fast-Fourier-
transform. The found lattice parameters (mainly 2.07 Å, less
often 1.36, 2.36, and 1.59 Å) are all in accordance with

hexagonal Ru (P63/mmc).
53 No lattice structure belonging to

crystalline Mn species could be observed through this local
analysis, meaning that Mn atoms may be integrated in the Ru
lattice, and/or present in amorphous structures in the NPs.
However, beam damage during measurement cannot be
excluded.
The oxidation states and alloying properties of Mn and Ru

species in MnxRu100−x@SILP materials (x = 10, 15, 25, 50)
were investigated by XAS (Figure 3). Detailed information on
data collection, processing and analysis is detailed in the SI
(Including Figure S13−S20 and Tables S3−S4). In brief, Mn
K-edge X-ray absorption near edge structure (XANES) spectra
of MnxRu100−x@SILP materials (Figure 3a) are shifted to
higher energies as compared to metallic Mn, and point toward
an oxidation state similar to Mn2+ in MnO. Ru K-edge XANES
are similar for all MnxRu100−x@SILP materials (Figure 3b),
indicating zerovalent Ru NPs with only trace amount of
oxidation, and suggesting that the average oxidation states of
Mn species are largely consistent regardless of the Mn−Ru
ratio. Mn K-edge extended X-ray absorption fine structure
(EXAFS) analysis (Figure 3c and Table S3) evidenced highly
disordered Mn-species, with coordination numbers (C.N.)
dominated by Mn−O interactions (C.N. = 5.5−6), followed
by Mn−Mn (C.N. = 1−2) and Mn−Ru (C.N. = 0.2−1.4). Ru
K-edge EXAFS (Figure 3d and Table S4) revealed large Ru−
Ru C.N. (8−9) and low Ru−Mn C.N. (0.1−2.2).
These results indicate that only small portions of Mn and Ru

species are present as a MnRu alloy in MnxRu100−x@SILP
materials, as was expected due to the known mismatch
between the crystal structures of metallic Mn (I4̅3m) and Ru
(P63/mmc).

39,40 While remaining Mn and Ru species are in

Figure 2. (a) STEM-HAADF image of Mn25Ru75@SILP with EDX elemental mappings of (b) Ru Lα and (c) Mn Kα; (d) overlay of Ru and Mn.
For EDX spectrum see Figure S9.
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separate phases, they are still present together in bimetallic
NPs, as shown by STEM-HAADF-EDX analysis. Based on
these characterization data, the notation “MnxRu100−x@SILP”
will from now on refer to nonalloyed bimetallic NPs containing
metallic Ru and oxidized Mn species. The elemental and
chemical states of Mn25Ru75@SILP were further examined
using X-ray photoelectron spectroscopy (XPS). Figure S21a
presents the high-resolution XPS spectrum for Ru 3p, where
the Ru 3p3/2 and Ru 3p1/2 peaks appear at binding energies of
461.9 and 483.8 eV, respectively. These values align well with
literature values for metallic Ru,54 supporting XANES findings.
The Mn 2p spectrum (Figure S21b) reveals the characteristic
Mn 2p3/2 and Mn 2p1/2 peaks at 642.3 and 654.1 eV, indicative
of oxidized Mn.54 These observations confirm the presence of
metallic Ru alongside oxidized Mn in the Mn25Ru75@SILP
material. Additionally, F 1s and N 1s XPS spectra were
investigated to gather information on the ionic liquid. The F 1s
peak at 689.0 eV (Figure S21c) is characteristic of the NTf2
anion, and the two N 1s components at 400.0 and 402.1 eV

(Figure S21d) are assigned to the anion and cation parts of the
ionic liquid.55

2.3. Catalysis. Benzylideneacetone (1) was selected as a
model substrate to test the hydrogenation performance
(activity and selectivity) of MnxRu100−x@SILP materials. 1
possesses an aromatic ring, a conjugated double bond, and a
nonbenzylic ketone, giving the opportunity to probe the
reactivity of MnxRu100−x@SILP for a whole range of
prototypical functional groups. Therefore, the hydrogenation
of 1 can lead to several different products (Figure 4) through a
sequence of consecutive and parallel hydrogenation reactions:
4-phenylbutan-2-one (1a), 4-cyclohexylbutan-2-one (1b), 4-
phenylbutan-2-ol (1c) and 4-cyclohexylbutan-2-ol (1d). The
hydrogenation of 1 was also the model reaction in previous
investigations of bimetallic catalysts such as FeRu@SILP,
CoRu@SILP, and CoRh@SILP. Figure 4 depicts the product
distribution of the hydrogenation of 1 using MnxRu100−x@
SILP catalysts with different Mn:Ru ratios. Reactions were
carried out under a set of standard reaction conditions (100
equiv of 1 respective to the total molar amount of metal in the

Figure 3. XAS analysis of MnxRu100−x@SILP. Comparison of normalized (a) Mn K-edge and (b) Ru K-edge XAS for x = 10, 15, 25, 50 with Mn-
and Ru-based reference materials and comparison of normalized (c) Mn K-edge and (d) Ru K-edge EXAFS in R-space for x = 10, 15, 25, 50 with
Mn- and Ru-based reference materials. EXAFS spectra were generated by Fourier transform of the k-space from k = 0−6 Å−1. EXAFS data were k2-
weighted.
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catalysts, in n-heptane at 150 °C under H2 (50 bar)) that were
selected to facilitate direct comparison with previously

reported FeRu@SILP and CoRu@SILP systems (Figure
S22) with fully alloyed NPs.34

Monometallic Ru100@SILP gave quantitative yield of the
fully hydrogenated product 1d, which is consistent with the
expected reactivity of Ru NPs under these conditions.29

Incorporation of small amounts of Mn up to Mn15Ru85 did not
change this selectivity significantly, and only traces of 1c or 1b
(<1%) were detected in the product mixtures. Interestingly,
increasing the Mn content to 25% in Mn25Ru75@SILP resulted
in the suppression of the aromatic ring hydrogenation activity
and in a sharp switch to 1c as main product (92%). This effect
can be tentatively attributed to an increase in Mn
concentration at the surface of the bimetallic NPs, diluting
the Ru and making the existence of ensembles of 3−4 Ru
atoms required for aromatic ring adsorption unlikely.18 This
“isolation” of Ru atoms by MnOx phases at the surface of the
bimetallic NPs results in a reactivity that resembles that of
homogeneous or single-site catalysts.56 Further increasing the
Mn content to 33% slowed down the ketone hydrogenation,
and led to 1a as main product (77%). For higher Mn contents
(Mn50Ru50 and Mn75Ru25), the ketone hydrogenation was
completely shut down, and only CC hydrogenation to
produce 1a (94% and 95%, respectively) was observed.
Monometallic Mn100@SILP was inactive in the hydrogenation
of 1, presumably due to oxidation of the Mn NPs on the
oxygen-rich support.52 Using the Mn25Ru75@SiO2 reference
catalyst in the hydrogenation of 1 under standard reaction
conditions gave quantitative yield of the fully saturated 4-
cyclohexylbutan-2-ol (1d) product (Table S6), consistent with
the presence of monometallic Ru and Mn NPs in the catalyst.
As expected, the SILP alone possesses negligible activity
(Table S6).
Intriguingly, while MnRu NPs in MnxRu100−x@SILP

catalysts are poorly alloyed, the catalytic trends observed
here (i.e., suppression of aromatic hydrogenation activity, C

O hydrogenation favored) are very similar to those reported

Figure 4. Hydrogenation of 1 using a series of MnxRu100−x@SILP
catalysts with different Mn:Ru metal ratios. Reaction conditions:
MnxRu100−x@SILP (20 mg, 0.008 mmol metals), benzylideneacetone
(117 mg, 0.8 mmol, 100 equiv), 150 °C, 18 h, n-heptane (0.5 mL).
Yields are determined via GC-FID using tetradecane as an internal
standard. See Table S6 for the complete data set. Data points are
average values of 2−4 experiments, and error bars represent standard
deviations.

Figure 5. Time profiles recorded using (a) Mn50Ru50@SILP and (b) Mn25Ru75@SILP. Reaction conditions: MnxRu100−x@SILP (20 mg, 0.008
mmol metals), benzylideneacetone (117 mg, 0.8 mmol, 100 equiv), 150 °C, t h, n-heptane (0.5 mL). Yields are determined via GC-FID using
tetradecane as an internal standard. Experimental data was fitted using Berkeley Madonna. Solid lines are values predicted by the kinetic model.
Solid points are experimental data. See SI for further details and Tables S7−S8 for the complete data sets. Data points are average values of 2−3
experiments, and error bars represent standard deviations.
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for FexRu100−x@SILP and CoxRu100−x@SILP systems possess-
ing alloyed bimetallic NPs (Figure S22). These results suggest
that alloying is not a requirement for reactivity modulation in
bimetallic structures, provided that both metals are present in
the NPs. The nature of the 3d metal seems to only influence
the metal ratios at which these selectivity switches occur. It is
worth noting that the differences in activity and selectivity with
varying Mn:Ru ratios are not correlated with a change in the
oxidation state of the metals, as seen in the XAS section.
The hydrogenation performances of Mn50Ru50@SILP

(selective toward 1a), Mn25Ru75@SILP (selective toward
1c), and Mn10Ru90@SILP (selective toward 1d) catalysts
were further investigated through the recording of time profiles
(Figures 5 and S23a). Experimental results were fitted
according to the kinetic equations described by Langmuir
and Hinshelwood using the software Berkeley Madonna (see
SI for details).57

Initial reaction rates for CC, CO and arene hydro-
genation were determined, and compared to those determined
by Sisodiya-Amrute et al.34 using FexRu100−x@SILP and
CoxRu100−x@SILP with similar selectivities under the same
conditions (Table S9). At identical Ru content, the initial C

C hydrogenation rate of Mn50Ru50@SILP (0.602 mol L
−1 h−1)

was found more than 2 times larger than that of Fe50Ru50@
SILP (0.283 mol L−1 h−1), although monometallic Mn and Fe
NPs are both inactive for this transformation under these
conditions. The activity of Co90Ru10@SILP is higher at much
lower Ru content, most likely due to the intrinsic activity of
Co.34 The trend is similar for CO hydrogenation activity,
with an initial CO hydrogenation rate 3 times higher for
Mn25Ru75@SILP (0.455 mol L

−1 h−1) than for Fe25Ru75@SILP
(0.154 mol L−1 h−1). The arene hydrogenation rate of
Mn25Ru75@SILP (0.008 mol L

−1 h−1) is very low, confirming
again this catalyst’s high selectivity toward 1c. While
contributions from NPs size and structural effects cannot be
ruled out, these results suggest that the combination of Mn and
Ru is particularly beneficial to modulate hydrogenation activity,
especially as compared to FeRu systems. In this case, Ru is the
hydrogenation-active metal, and Mn presumably facilitates the
adsorption and activation of carbonyl functionalities at the NPs
surface while disrupting assemblies of Ru atoms typically
responsible for aromatic ring hydrogenation. Mn10Ru90@SILP
(Figure S23a and Table S10) gave the fully hydrogenated
product 1d as major product (91%) after 2 h, which is similar
to the activity of monometallic Ru@SILP (Figure S23b) with
similar NP size (3.6 nm for both).34 However, differences in
the reaction pathway can already be observed at these low Mn
concentrations: While Ru@SILP produces 1d with 1b as the
only intermediate, the pathway for Mn10Ru90@SILP proceeds
preferably over 1c, with small amounts of 1b also present.
Recycling experiments were carried out using Mn25Ru75@

SILP (Figure S24 and Table S11) and a reaction time of 2 h. In
the first reaction cycle, a mixture of 1a (46%) and 1c (52%)
was obtained. A substantial decrease in arene hydrogenation
was observed in the second cycle (20% yield of 1c, 80% 1a),
and the reactivity was then constant up to cycle five. Elemental
analysis by SEM-EDX after the first cycle revealed a decrease in
total metal loading from 1.2 mol % to 1.0 mol %, mainly
originating from the leaching of Ru. As a result, the Mn:Ru
ratio changed from 27:73 to 37:63 (consistent with XPS data)
which accounts for the change in activity of the catalyst (Table
S12). The catalyst composition and performance remained
stable after cycle 2. TEM and XPS analyses after cycle 5

showed no change in nanoparticle size (1.9 ± 0.4 nm, Figure
S25) nor in the oxidation states of Ru and Mn (Figure S26a−
b). The F 1s and N 1s XPS spectra remained consistent with
those of the fresh catalyst, confirming the structural integrity
and recyclability of the SILP material (Figure S26c−d).
XAS measurements of Mn10Ru90@SILP, Mn25Ru75@SILP

and Mn50Ru50@SILP after catalysis (see further discussion in
the SI, as well as Figures S27−34 and Tables S3−S4), indicate
that Mn species retained an almost identical structure, while
Ru species underwent substantial structural modifications
during catalysis, resulting in a less crystallized phase and a
more disordered coordination structure around the Ru species.
While these data do not indicate an enrichment of the NP
surface with any of the metals, they are in line with previous
reports on structural changes of bimetallic materials in the
presence of substrate molecules and/or H2 at elevated
temperature.36,58,59

3. CONCLUSIONS

A series of bimetallic MnRu NPs was synthesized on an
imidazol ium-based supported ionic l iquid phase
(MnxRu100−x@SILP). Small (1.3−3.6 nm), well-dispersed
and bimetallic NPs were observed for all Mn:Ru ratios. X-ray
absorption spectroscopy revealed oxidized Mn and metallic Ru
species in a negligible alloying state. The catalytic properties of
MnxRu100−x@SILP were explored in the hydrogenation of
benzylideneacetone (1) as a model reaction. The incorporation
of even small amounts of Mn in Ru NPs (e.g., 10%) was
sufficient to favor CO hydrogenation over arene hydro-
genation, as evidenced by the switch in the reaction pathway.
Catalysts with Mn contents up to 15% lead to full
hydrogenation of 1, while increasing the Mn content above
25% resulted in a suppression of the arene hydrogenation, but
maintained CO hydrogenation activity. Interestingly, this
trend is also typical of FexRu100−x@SILP and CoxRu100−x@
SILP catalysts containing alloyed NPs. This indicates that the
selectivity switches and synergistic effects generally observed
for 3d metal-Ru bimetallic NPs do not rely on the miscibility of
the two metals and do not necessitate formation of alloy-type
phases. The present study shows that the tunability of the
properties are not significantly impacted by the structure of as-
synthesized NPs, nor by the crystallographic compatibility of
the metals. While other effects cannot be excluded at this stage,
we hypothesize that the effects arise from their surface
composition under turnover conditions. Depending on the
oxophilicity, the 3d metal is dragged toward the surface by
interaction with the CO function of the substrate, thus
interrupting the facial arrangement necessary for arene
hydrogenation. While further work is required to probe this
assumption, the experimental observations in this work provide
valuable insight into the reactivity of bimetallic 3d metal-noble
metal NPs, and may help guide the design of new supported
bimetallic NPs for selective hydrogenation.
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