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A B S T R A C T

Modified aluminum phosphate (APO-5) proved suitable as zeotype support for the preparation of imidazolium- 
based supported ionic liquid phase material, i.e. SILP(APO-5). The successful chemisorption of ionic liquid-like 
modifiers at the APO-5 surface was demonstrated by solid- state 31P and 13C nuclear magnetic resonance (NMR) 
spectroscopy. The immobilization of Ru nanoparticles (NPs) on SILP(APO-5) was achieved following an 
organometallic approach, producing well-dispersed Ru NPs with a mean average size of 1.4 nm on the support. 
The resulting Ru@SILP(APO-5) material was thoroughly characterized using multiple techniques, e.g., solid-state 
NMR, transmission electron microscopy (TEM), infrared (IR) spectroscopy, X-ray absorption spectroscopy (XAS), 
and applied as a catalyst for the hydrogenation of biomass-derived furfural acetone with molecular hydrogen. 
The ionic liquid-like layer was found beneficial for the stabilization of the Ru NPs as well as of the APO-5 
material. A temperature-controlled selectivity switch between olefinic, carbonyl or furan ring hydrogenation 
could be achieved with this new material with the APO-5 facilitating activation of the olefinic bond, while the 
carbonyl bond was remarkably deactivated. The demonstrated suitability of aluminum phosphate materials to 
produce molecularly modified surfaces offers a new control parameter for the systematic design and optimization 
of zeotype-based catalysts.

1. Introduction

Aluminum phosphates, APO-n (with n denoting a particular structure 
type), are crystalline, microporous zeotype materials that possess 
silicon-free zeolite-like frameworks [1,2]. Their structure comprise 
three-dimensional channels composed of tetrahedrons of Al3+ and P5+

linked by oxygen atoms, resulting in theoretically neutral frameworks 
[3,4]. APO-n materials have good shape selectivity [5], thermal and 
hydrothermal stability [6,7], and their structure and compositional 
flexibility have made them very attractive in the field of catalysis, both 
at laboratory and industrial scale [2,8]. Their use include, for example, 
catalytic upgrading of alkanes [9–11], the conversion of methanol to 
olefins and dimethyl ether [12–15], and the decomposition of chloro
fluorocarbons [16].

Several strategies have been developed to incorporate acidic/basic 
sites in APO-n, including metal substitution [4,12], metal loading [17], 
and Al/P ratio adjustment [18]. APO-n are also an important family of 

support materials for metal nanoparticles (NPs) [19–22]. For example, 
Yang and co-workers reported the immobilization of Ni NPs on APO-5, 
and used the resulting catalyst for the hydrogenation of α-pinene [19]. 
Here, the pore size (3.95 nm) of APO-5 proved beneficial to facilitate the 
mass transfer of the substrate to the active sites, thereby enhancing ac
tivity and selectivity toward the formation of cis-pinane [19]. Metal NPs 
immobilized on acidic APO-n can also work as bifunctional catalysts. For 
example, Gao et al. used Pd/SAPO-5 (SAPO: silicoaluminophosphate) 
material for the one-pot aldol condensation between furfural and methyl 
isobutyl ketone, followed by hydrogenation with molecular hydrogen 
[20]. Recently, Fang et al. showed that Pd NPs supported on acidic APO- 
5 (Al/P ratio = 1.5) are efficient for the reductive etherification of 
furfural to ethyl furfuryl ether using formic acid as a hydrogen source 
[21]. In this case, the reductive etherification of furfural proceeded via 
initial acetalization catalyzed by the acidic APO-5 and subsequent 
hydrogenolysis catalyzed by the Pd NPs [21]. Hence, APO-n are estab
lished as support materials with tunable composition, crystallinity, and 
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pore size that can influence the catalytic properties of metal NP catalysts 
[23].

In addition to changes in the intrinsic properties of support materials, 
molecular surface modification has recently emerged as a very prom
ising strategy to influence and control the synthesis and catalytic per
formance of supported metal NPs [24–26]. In particular, monometallic 
and bimetallic NPs immobilized on SiO2-based molecularly modified 
surfaces (NPs@MMS) have been explored for reactions involving the 
activation and the transfer of molecular hydrogen, such as selective 
hydrogenation [27–32], hydrodeoxygenation [33–36], and decarbox
ylation [37] reactions with reversible chemical changes of the modifier 
enabling the generation of adaptive catalytic systems [38,39]. Differ
ently from SiO2, the molecular surface modification of APO-n support 
materials has been scarcely explored [40]. In this context, we set our 
goal to explore the surface functionalization of APO-n materials with 
molecular modifiers, and to investigate its impact on the catalytic per
formance of immobilized metal NPs.

In the reported work, the surface molecular modification of a 
hydroxy-functionalized APO-5 support with an imidazolium-based ionic 
liquid (IL) is investigated. The resulting novel supported ionic liquid 
phase material, SILP(APO-5), is used to prepare catalyst materials by 
immobilizing Ru NPs via an organometallic approach (Fig. 1a). The 
textural, morphological, and electronic properties of the Ru@SILP(APO- 
5) catalyst are characterized using a combination of techniques 
including N2 physisorption, solid-state nuclear magnetic resonance 
(NMR), powder X-ray diffraction (XRD), electron microscopy, and Ru K- 
edge X-ray absorption spectroscopy (XAS) (Fig. 1b). The impact of the 
molecular surface modification on the catalytic performance of 
Ru@SILP(APO-5) is examined for the hydrogenation of biomass-derived 
furfural acetone 1 with H2 (Fig. 1c). This substrate contains a conjugated 
olefinic bond, an aromatic furan ring, and a carbonyl (ketone) func
tionality, and can be hydrogenated to different products, all considered 
potential fuels and fuel additives as well as interesting chemical building 
blocks [41].

2. Experimental

2.1. Materials

Phosphoric acid (H3PO4, 85 % aqueous solution, ≥99.8 %), 
aluminum isopropoxide (Al(O-i-Pr)3, ≥98 %), triethylamine (Et3N, ≥99 
%), etidronic acid (EA, 60 % aqueous solution), hydrochloric acid (HCl, 
37 %), methanol (≥99.9 %), sodium iodide (NaI, ≥99.5 %), 3-chloropro
pylethoxysilane (95 %), 1-butylimidazole (98 %), tetradecane (≥99 %), 
silica gel, and lithium bis(trifluoromethane)sulfonimide (LiNTf2, 99.95 
%) were purchased from Sigma-Aldrich. Bis(2-methylallyl)(1,5-cyclo
octadiene)ruthenium(II) [Ru(2-methylallyl)2(cod)] (97 %), chloroform- 
d (CDCl3, 99.8 %), and furfural acetone (1, 98 %) were obtained from 
abcr GmbH. Aluminum phosphate (AlPO4) was purchased from Thermo 
Fisher Scientific. Acetone (≥99.5 %), toluene (≥99.5 %), dichloro
methane (DCM, ≥99.5 %), pentane (≥99 %), ethyl acetate (≥99.5 %), 
diethyl ether (≥99.5 %) and 1,4-dioxane (≥99.5 %) were purchased 
from Carl Roth GmbH & Co. KG. All solvents were dried before being 
used, while other chemicals were used as received.

2.2. Synthesis of modified APO-5

The synthesis of modified APO-5 was based on a modified literature 
method [42–44] using a gel composition of 1Al2O3:1P2O5(H3PO4/EA =
2/1):1.5Et3N:45H2O. Firstly, a solution of H3PO4 (3.84 g, 0.033 mol) 
and EA (5.73 g, 0.017 mol) in distilled water (24 mL) was vigorously 
stirred. Then Al(O-i-Pr)3 (10.21 g, 0.05 mol) was added slowly to the 
solution, whereafter the mixture was stirred vigorously (1000 rpm) for 
2 h. Subsequently, Et3N (5.21 mL) was added slowly to the mixture 
followed by stirring (1000 rpm) for another 1 h and the solution was 
then transferred to a 200 mL Teflon lined hydrothermal autoclave, 
which was tightly closed and kept at 180 ◦C under autogenous pressure 
and static state for 48 h. After the crystallization reaction, the autoclave 
was cooled to room temperature and the obtained product washed with 
distilled water (3 × 100 mL) and oven (60 ◦C overnight) dried. The 
crude powder (1 g) was further treated twice with 0.1 M HCl in 

Fig. 1. (a) Synthesis pathway of the Ru@SILP(APO-5) catalyst; (b) Characterization methods used to investigate the prepared materials; (c) Possible products from 
the hydrogenation of furfural acetone 1 using Ru@SILP(APO-5) as catalyst.
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methanol (2 × 100 mL) at 120 ◦C for 12 h in the autoclave to remove 
Et3N and the obtained APO-5 finally washed with methanol (3 x 100 mL) 
and oven (60 ◦C overnight) dried.

2.3. Synthesis of SILP(support)

The IL 1-butyl-3-(3-triethoxysilylpropyl)imidazolium bis(tri
fluoromethylsulfonyl)imide (2.18 g, 3.55 mmol) prepared following a 
previously reported procedure (see SI for detailed procedure) [33,35], 
was added to a Schlenk flask in the glovebox and stirred (600 rpm) with 
1,4-dioxane (2 mL) at room temperature until complete dissolution. 
APO-5 (1.0 g, dried in vacuo at 100 ◦C for 5 h), SiO2 (1.0 g, dehy
droxylated at 500 ◦C for 16 h) or AlPO4 (1.0 g, dried in vacuo at 150 ◦C 
for 5 h) were added into another Schlenk flask and mixed with 1,4- 
dioxane (20 mL). The IL solution was then added to the suspension of 
the support material and stirred (600 rpm) under reflux (125 ◦C). After 
18 h of reaction the mixture was cooled to room temperature, and the 
SILP material separated by filtration and washed with DCM (3 × 10 mL) 
followed by drying in vacuo (1⋅10− 3 mbar, 60 ◦C). The 1,4-dioxane and 
DCM were collected to determine the amount of unreacted IL (96.1 wt 
%).

2.4. Synthesis of Ru@support

The procedure for the immobilization of Ru NPs on supports (SILP 
(APO-5), SILP(SiO2), SILP(AlPO4), AlPO4, or APO-5) was adapted from 
literature using a wet impregnation method [31,33]. The precursor [Ru 
(2-methylallyl)2(cod)] (79.88 mg, 0.25 mmol) was dissolved in DCM (8 
mL) and added to a suspension of support (500 mg) in DCM (12 mL). The 
reaction mixture was then stirred (800 rpm) at room temperature for 1 
h, where after the DCM was removed under reduced pressure at room 
temperature and the impregnated support dried for another 1 h under 
the same conditions. The powder was then transferred into a 20 mL 
high-pressure autoclave and treated with H2 (25 bar) at 100 ◦C for 18 h. 
After reduction, the color of the impregnated support transformed from 
white to light gray, indicating the formation of Ru NPs on the support.

2.5. Characterization and analysis

XRD data for phase analysis were obtained on a Rigaku SmartLab 
equipped with a rotating anode (9 kW, 45 kV, 200 mA) in Bragg- 
Brentano-geometry (CuKα1,2: 1.541862 Å). The data were collected 
with a HyPix-3000 multi-dimensional detector in 1D mode. The samples 
were placed on a quartz sample holder and data were collected 
continuously in the range of 5–50◦ 2θ in steps of 0.01◦ and a scan speed 
of 0.5◦ min− 1.

Brunauer-Emmett-Teller (BET) surface area and porosity analysis 
were conducted by N2 physisorption performed at -196 ◦C by a Micro
meritics ASAP 2020 instrument. Before the measurement the samples 
were degassed at 120 ◦C for 12 h.

Scanning electron microscopy (SEM) images were recorded on an 
AFEG 250 Analytical ESEM at 10 kV. Scanning transmission electron 
microscopy in high angle annular dark field (STEM-HAADF) was per
formed on a Hitachi HD-2700 cold FEG operated at 200 kV. Samples for 
electron microscopy were prepared by depositing the powder on a 
copper TEM grid with an amorphous carbon support film. To determine 
NPs size, at least 300–400 NPs were measured using ImageJ. Energy- 
dispersive X-ray (EDX) analysis was performed with an EDAX Octane 
T Ultra W 200 mm2 SDD detector and TEAM software.

1H and 13C NMR spectra were obtained using a Bruker Avance 
400TM spectrometer at 25 ◦C. 31P and 29Si magic-angle spinning (MAS) 
NMR spectra were performed on a Bruker AVANCE III HD spectrometer 
operating at a magnetic field of 14.05 T equipped with a 4 mm CP/MAS 
BBFO probe.

Inductively coupled plasma optical emission spectrometry (ICP-OES) 
was measured externally (Mikroanalytisches Laboratorium Kolbe, 

Oberhausen, Germany).
Thermogravimetric analysis (TGA) of samples was conducted under 

Helium flow from 40–800 ◦C on a Netzsch STA 409 with 10 ◦C min− 1 

heating rate.
Fourier-transform infrared spectroscopy (FT-IR) was performed on 

Shimadzu IRAffinity-1S from 4000–400 cm− 1 at a resolution of 4 cm− 1 

averaging 40 scans for each measurement.
CO adsorbed FT-IR was performed by placing material (20 mg) into a 

Fisher-Porter bottle followed by vacuum treatment for 15 min (25 ◦C, 
5.2⋅10− 2 mbar) and refilling the bottle with 3 bar CO gas. After 18 h, the 
CO gas was removed under vacuum (25 ◦C, 5.2⋅10− 2 mbar) and the 
sample pressed into a pellet using KBr (~30 mg), where after the IR 
spectrum was measured in a glovebox by a Thermo Scientific NicoletTM 

iS5 spectrometer equipped with a transmission cell. The Ru K-edge 
(22117 eV) X-ray absorption fine structure (XAFS) spectra of the Ru 
samples were collected at the P65 beamline of PETRA III (P65 Applied X- 
ray Absorption Spectroscopy) [45]. At P65 beamline, monochromatic 
beam was introduced through an 11-period undulator and a Si (311) 
double crystal monochromator operated in QEXAFS mode with energy 
resolving power of ΔE/E of 6.0•10− 5. The beam size at the sample po
sition was approx. 0.5 × 1.0 mm2 (V × H), and the photon flux was 
~1011 photons s− 1 (without attenuation). For each sample, the powder 
of the sample was sealed by Kapton tape into an in-house designed 
PEEK-made powder cell. The amount of the powder was optimized 
based on the absorption cross-sections and the dimensions of the powder 
cells to obtain optimal transmission absorption (edge jump close to 1.0). 
The XAFS spectra for all samples were collected in transmission mode at 
-258 ◦C using a liquid He cryostat. The intensities of the incident beam 
(I0) and the transmitted beam (It) were monitored by ionization cham
bers (filled with mixture of Kr and N2). The energy range for the full 
XAFS spectra was 21917–23417 eV (kmax = 18.2) with energy step of 
0.6 eV. The XAFS of each sample was measured three times and merged 
to improve the signal-noise ratio. Ru foil was measured simultaneously 
for each sample as the reference for energy calibration. The energy of the 
incident beam was calibrated by assigning the energy of the first in
flection in the first derivative X-ray absorption near-edge structure 
(XANES) of Ru foil to 22,117 eV. In addition to Ru foil, commercial RuO2 
powder was also measured in transmission mode as references. The Ru 
K-edge XAS spectra were analyzed using the Demeter software package 
(including Athena and Artemis programs, version 0.9.26) [46]. Pre-edge 
background subtraction and post-edge normalization of the XAFS data 
were performed using the Athena program. A linear regression back
ground in the range of 21917 to 22027 eV was determined, and a 
quadratic polynomial regression for post-edge normalization in the 
range of 22267 to 23387 eV was applied. The spectra were splined from 
k = 0 Å− 1 to k = 18 Å− 1 with rbkg of 1.0 and k-weight of 2. The fitting of 
extended X-ray absorption fine structure (EXAFS) spectra (R range: 1 to 
3 Å, k range: 3.4 to 13.5 Å− 1) was performed using the Artemis program 
based on scattering paths generated from FEFF6. The amplitude 
reduction factor S0

2 is determined to be 0.70 by fitting of k2-weighted R- 
space EXAFS of Ru foil based on the standard crystal parameters of 
ruthenium metal (data from Crystal Open Database, entry ID: 9008513), 
and was used as fixed parameter for the EXAFS fitting of other Ru 
samples.

2.6. Catalytic reactions

In a typical experiment, 1 (54.5 mg, 0.40 mmol, 160 eq.), catalyst (5 
mg, 2.5 µmol Ru, 1.0 eq.), and 1,4-dioxane (1 mL) were mixed in a glass 
inlet and placed in a 10 mL high-pressure autoclave. After purging the 
autoclave with H2, the reaction mixture was pressurized under H2 (30 
bar), and magnetically stirred (500 rpm) at the desired temperature in 
an aluminum heating block. When the reaction was finished, the reactor 
was cooled down in a water bath and vented in a fume hood. The re
action solution was analyzed after filtration by gas chromatography 
with flame ionization detection (GC-FID) on a Shimadzu GC-2030 
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equipped with a CP-WAX-52CB column from Agilent using tetradecane 
as an internal standard. Gas chromatography coupled with a mass 
spectrometer (GC-MS) were performed on a Shimadzu QP2020. Error 
bars were obtained by three repeated reactions.

2.7. Catalyst recycling reactions

The reusability of Ru@SILP(APO-5) and Ru@APO-5 was examined 
for the hydrogenation of 1 at 120 ◦C in consecutive 16 h reactions. After 
each reaction, the catalyst was collected via centrifugation (2000 rpm, 
10 min), washed with 1,4-dioxane (3 × 2 mL) and used directly for the 
next cycle.

3. Results and discussion

3.1. Synthesis and characterization of modified APO-5

The synthesis of modified APO-5 was achieved by alteration of a 
hydrothermal procedure reported previously [42–44] using a gel 
composition of 1Al2O3:1P2O5:1.5Et3N:45H2O with a 2/1 M ratio of 
H3PO4/etidronic acid (EA). EA was introduced as a new variant for APO- 
5 modification to generate the required surface hydroxyl functionalities 
needed for subsequent surface molecular modification, and the product 

was thoroughly washed with methanolic HCl solution to remove the 
Et3N template.

The AFI-type structure of the synthesized APO-5 was confirmed by 
powder XRD characterization (Fig. S1) [47], and N2 adsorp
tion–desorption isotherms (Fig. S2) showed a BET surface area of 149 m2 

g− 1 (Table S1) as well as the presence of both micropores and mesopores 
(pore size 29 nm). SEM revealed a spherical morphology of the APO-5 
particles with a mean diameter of ca. 25 μm (Fig. S3). This size is 
noticeably different from APO-5 prepared using H3PO4 as the only P 
source (hexagon prism-like shape of ca. 5 μm) [48], and such morpho
logical changes may originate from the differences in pH values of the 
gels when EA was used as a phosphorous co-source [49]. The 31P MAS 
NMR spectrum of the synthesized APO-5 (Fig. 2a) showed a character
istic broad signal associated to P(OAl)4 (δ -30 ppm) [50,51], with an 
additional broad signal (δ -23 ppm) corresponding to P-OH groups 
[52,53]. Furthermore, signals from EA (δ 19 and 71 ppm) [54], the P- 
source of APO-5, were observed in the 13C MAS NMR spectrum (Fig. 2b) 
along with minor signals from Et3N (δ ~ 5 and 45 ppm) [55] remaining 
after the HCl washing. Importantly, the shift of the XRD peaks (Fig. S1) 
and the P-OH signals in 31P NMR (Fig. 2a) indicate the successful 
incorporation of EA into the APO-5 framework. In combination with the 
mesoporosity of the material originating from the framework distortion 
by the EA incorporation, this makes the EA-modified APO-5 a 

Fig. 2. (a) 31P MAS NMR and (b) 13C MAS NMR spectra of modified APO-5; (c) 31P MAS NMR and (d) 13C MAS NMR spectra of Ru@SILP(APO-5) (* corresponds to 
spinning bands).
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potentially suitable support for the chemisorption of ILs.

3.2. Synthesis and characterization of Ru@SILP(APO-5)

Ru@SILP(APO-5) was prepared via a two-step procedure including 
the chemisorption of an imidazolium-based IL, and the immobilization 
of Ru NPs by an organometallic approach [56] (Fig. 1a). Reference 
materials Ru@APO-5, Ru@SILP(SiO2), and Ru@SILP(AlPO4) were pre
pared following the same approach. First, the surface of the APO-5 
material was molecularly modified through silanization with the well- 
known IL 1-butyl-3-(3-ethoxysilylpropyl)imidazolium bis(tri
fluoromethylsulfonyl)imide following a procedure previously reported 
for the silanization of ILs on SiO2 [30]. The loading of IL-like modifier on 
APO-5 was estimated to be 0.14 mmol g− 1 (Table S1) from the IL left in 
solution, corresponding to a surface coverage of 68 % (i.e., 6.39 mmol IL 
cm− 2) if assuming that all P-OH groups were exposed on the APO-5 
surface. In the second step, Ru NPs were immobilized on the prepared 
SILP(APO-5) by wet impregnation using a solution of [Ru(2-methyl
allyl)2(1,5-cyclooctadiene)] in DCM followed by heating under H2 
pressure (100 ◦C, 25 bar, 18 h), which resulted in the material changing 
from colorless to gray indicating the formation of Ru NPs on the support.

Characterization of the prepared Ru@SILP(APO-5) by ICP-OES 
showed a Ru loading of 4.5 wt%, which was coherent with the theo
retical value expected from the impregnation (5 wt%). Moreover, 31P 

MAS NMR analysis of the catalyst (Fig. 2c) showed signals (δ -30 ppm 
and -23 ppm) attributed to P(OAl)4 and P-OH species [21,22], which 
were also observed for the APO-5 alone (Fig. 2a). In addition, three other 
signals (δ -45, -39, and -15 ppm) were detected and attributed to P-O-Si 
species [57,58] (Fig. 2c), providing evidence for the covalent attach
ment of the IL-like molecular structures on the APO-5 support. Consis
tent with this observation, 13C MAS NMR evidenced also a signal (δ 66 
ppm) characteristic of P-C-O-Si functionalities [59] (Fig. 2d). Signals 
attributed to the imidazolium ring and N-alkyl chain of the IL structure 
were also observed (Fig. 2d), indicating that the structure of the mo
lecular modifier was not affected by the chemisorption step nor by the 
immobilization of Ru NPs. This is in line with the FT-IR spectrum of 
Ru@SILP(APO-5), which showed characteristic vibrations of C–H 
stretching bonds of the imidazolium ring and N-alkyl chain as well as 
symmetric ring stretches of the imidazolium moieties [31,60,61]
(Fig. S4). TGA of Ru@SILP(APO-5) indicated a loading of IL-like mod
ifier of 7.6 wt% (obtained from the comparison of APO-5 and SILP(APO- 
5)), in agreement with the 0.14 mmol g− 1 estimated during synthesis, 
and a thermal stability up to ca. 260 ◦C (Figs. S5 and S6).

HAADF-STEM showed small and homogeneously dispersed Ru NPs 
for Ru@SILP(APO-5) as well as for Ru@APO-5, with NPs sizes of 1.4 and 
1.1 nm, respectively (Fig. 3a-b). Such small size difference may be 
rationalized by the difference of the surface properties of the support 
materials with the IL-like layer providing an hydrophobic environment 

Fig. 3. HAADF-STEM of (a) Ru@SILP(APO-5) and (b) Ru@APO-5; (c) Ru K-edge normalized XANES spectra and (d) k2-weighted R-space EXAFS spectra for 
Ru@APO-5, Ru@SILP(APO-5), Ru foil, and RuO2 reference.
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favoring Ru NPs growth on SILP(APO-5) [62], while the exposed P-OH 
groups on APO-5 can potentially inhibit NPs growth [63]. STEM- 
HAADF-EDX images also corroborated that the Ru NPs and the IL-like 
layer were homogeneously distributed on the APO-5 materials 
(Fig. S7). In addition, FT-IR measurements on Ru@APO-5 and Ru@SILP 
(APO-5) using CO as a molecular probe evidenced linear and bridged CO 

species on both materials (Fig. S8) [64,65], but also a significant red 
shift of these bands for Ru@SILP(APO-5), from 2076 to 2065 cm− 1 and 
from 2017 to 1991 cm− 1, for linear and bridged CO species, respectively. 
This red shift of CO bands in the presence of the IL-like layer indicates 
that the electronic field of the Ru NPs [66,67], is increased due to an 
interaction between the NPs and the IL layer.

Fig. 4. (a) Pathway of furfural acetone 1 hydrogenation and reaction profiles for the hydrogenation using Ru@SILP(APO-5) (left) and Ru@APO-5 (right) at different 
reaction temperatures (b-c) 30 ◦C, (d-e) 100 ◦C, and (f-g) 160 ◦C. Reaction conditions: 1 (54.5 mg, 0.4 mmol, 160 eq.), catalyst (5 mg, 0.0025 mmol Ru), 1,4-dioxane 
(1 mL), H2 (30 bar). Symbol codes: grey square – conversion; orange circle – yield of 2; green triangle – yield of 3; and pink diamond – yield of 5. Data points are the 
average values of three experiments, and error bars represent standard deviations. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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To comprehensively analyze the electronic and geometric structure 
of the Ru@SILP(APO-5) and Ru@APO-5 catalysts, Ru K-edge XANES 
and EXAFS measurements were performed as illustrated in Fig. 3c-d. The 
absorption edge position of Ru@SILP(APO-5) aligns closely with that of 
the Ru foil, suggesting that the Ru species in the catalyst predominantly 
exist in a zerovalent state. In contrast, the XANES of Ru@APO-5 displays 
a slight shift towards higher energy level compared to Ru@SILP(APO-5), 
indicating a higher degree of Ru oxidation for Ru@APO-5. This agrees 
well with EXAFS fitting results (Figs. S9 and S10, Table S2), showing a 
coordination number (C.N.) of 1.0 ± 0.4 for Ru-O in Ru@SILP(APO-5), 
which is significantly lower than in Ru@APO-5 (C.N. = 2.1 ± 0.3).

Considering that both catalysts were stored and handled in air, the 
presence of oxidized Ru species on the surface of the Ru NPs was inev
itable in both materials. The higher degree of oxidation in Ru@APO-5 
most likely originated from its slightly smaller Ru NPs, in which the 
proportion of surface oxidation is larger. However, the IL may also 
provide some protection from oxidation to Ru NPs in Ru@SILP(APO-5) 
[68].

3.3. Catalytic study

The catalytic properties of Ru@SILP(APO-5) and Ru@APO-5 as a 
reference catalyst were investigated for the hydrogenation of the furanic 
α,β-unsaturated ketone furfural acetone 1 (1/Ru molar ratio of 160/1). 
The initial hydrogenation of 1 (Fig. 4a) is expected to occur with the 
olefinic C––C bond to form 4-(2-furyl)butan-2-one 2. Next, hydrogena
tion of the furan ring forms 4-(tetrahydro-2-furyl)butan-2-one 3 fol
lowed by reduction of the carbonyl group to produce 4-(tetrahydro-2- 
furyl)butan-2-ol 5. The alternative sequence where the hydrogenation of 
the ketone in 2 produces 4-(2-furyl)butan-2-ol 4 prior to the reduction of 
the furan ring, is less preferred over Ru catalysts [39].

Time profiles for the hydrogenations of 1 with Ru@SILP(APO-5) or 
Ru@APO-5 as catalysts, 1,4-dioxane as a solvent, and pressurized with 
H2 (30 bar) were recorded at three different temperatures (30, 100, and 
160 ◦C) using magnetically stirred high-pressure batch reactors (Fig. 4b- 
g). At 30 ◦C, Ru@SILP(APO-5) was active mainly for the hydrogenation 
of the conjugated C=C bond giving 2 in high yield and selectivity (89 %) 
after 72 h with marginal furan ring hydrogenation and only traces of 3 
(Fig. 4b). The induction period observed at short reaction times is pre
sumably related to the slow reduction of the slight amount of surface Ru 
oxide species (suggested by XANES and EXAFS) at this temperature. At 
100 ◦C, 1 was rapidly hydrogenated to 2 (87 % yield after 4 h), followed 
by furan ring hydrogenation to give 3 selectively in high yield (93 %) 
after 88 h (Fig. 4d). C––O hydrogenation activity was unlocked at 
160 ◦C, giving a time profile typical of sequential hydrogenation re
actions (Fig. 4f). This allowed achieving highly selective C––C hydro
genation (87 % yield of 2 after 1 h) followed by furan ring 
hydrogenation (94 % yield of 3 after 8 h), and finally complete hydro
genation to product 5 (97 % yield) after 48 h. The observed hydroge
nation pathway via the saturated ketone 3 instead of the unsaturated 
alcohol 4 is typical for Ru and Rh NPs-based catalysts, as previously 
described [30,39].

Determination of activation energies (Fig. S11) for the hydrogena
tion steps gave Ea(C=C) (53.5 kJ mol− 1) ≪ Ea(Furan ring) (84.5 kJ mol− 1) <
Ea(C=O) (98.8 kJ mol− 1). These relatively high energy barriers between 
the different hydrogenation steps corroborate with the hydrogenation 
proceeding essentially stepwise. Thus, the chemoselectivity of Ru@SILP 
(APO-5) can be easily tuned toward three different hydrogenation 
products of 1 in high yield without formation of byproducts by simple 
adjustment of the reaction temperature or time. In contrast, Ru@APO-5 
showed a higher total activity (Fig. 4c,e,g), which may be at least 
partially linked to its smaller Ru NPs size and no influence of IL. How
ever, Ru@APO-5 typically yielded product mixtures and failed overall to 
reach the level of selectivities of Ru@SILP(APO-5) under the applied 
reaction conditions, especially for products 2 (maximum yield of 79 % at 
30 ◦C) and 5 (maximum yield of 87 % at 160 ◦C). The energy barriers 

between the hydrogenation steps (Ea(C=C) = 37.2 kJ mol− 1 ~ Ea(Furan 

ring) = 41.7 kJ mol− 1 < Ea(C=O) = 64.0 kJ mol− 1, Fig. S11) were found 
lower than for Ru@SILP(APO-5), consistent with the difficulty to target 
selectively the different hydrogenation products by tuning the reaction 
conditions. Side product formation was not completely avoided at 
160 ◦C (e.g., degradation and hydrodeoxygenation; Fig. S12), presum
ably due to exposure to P-OH functionalities on the catalyst surface.

Thus, the presence of the IL surface modification appears crucial to 
prevent side-reactions catalyzed by exposed P-OH functionalities, as 
well as to tune the electronic properties of Ru NPs and facilitate the 
kinetic control of product selectivity. In addition, a potential influence of 
the IL-like layer on the local concentration of substrate and/or H2 cannot 
be ruled out.

Replacing the APO-5 support with SiO2 support produced the pre
viously reported Ru@SILP(SiO2) catalyst [56]. Ru@SILP(SiO2) was 
found more active, with rapid hydrogenation to the fully saturated 
product 5 also at moderate temperatures, and the selectivity towards 
product 2 remained poor even when lowering the H2 pressure to 10 bar 
(Table S3). While some of this activity improvement may come from the 
higher surface area of the SiO2 support, the interaction of 1 with SILP 
(APO-5), Ru@SILP(APO-5), SILP(SiO2), and Ru@SILP(SiO2) was pro
bed by FT-IR (Fig. 5 and Fig. S13). Interestingly, a significant blue shift 
(from 1655 to 1664 cm− 1) of the band characteristic of the C––O in 1 
was observed on SILP(APO-5) and Ru@SILP(APO-5), but not on SILP 
(SiO2) and Ru@SILP(SiO2). This blue shift indicates a shortening of the 
C––O bond in 1, and thus a deactivation of the ketone for hydrogenation 
[69,70]. These findings are consistent with the slower hydrogenation of 
3 to 5 observed with the APO-5-based catalysts, and evidence their 
specificity as compared to other supports such as SiO2. In contrast, a red 
shift was observed for the band characteristic of the conjugated C––C 
bond, indicating an activation [71,72].

Commercial amorphous AlPO4 was also tested for the preparation of 
Ru@SILP(AlPO4) and Ru@AlPO4 materials. Interestingly, the SILP 
preparation was poorly successful, with an IL loading of only 0.039 
mmolIL g− 1 as determined by TGA (Fig. S14). Furthermore, STEM- 
HAADF and STEM-HAADF-EDX images (Figs. S15 and S16) showed 
large Ru NPs and severe aggregation on both Ru@SILP(AlPO4) and 
Ru@AlPO4. The challenges in the SILP and Ru NPs preparation pre
sumably originate from the very small BET surface area of the com
mercial AlPO4 material (Table S1). While Ru@SILP(AlPO4) and 
Ru@AlPO4 showed high activity toward product 5 (Table S3), they 

Fig. 5. FT-IR spectra of furfural acetone 1 and adsorbed 1 on Ru@SILP(APO-5) 
and Ru@SILP(SiO2).
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failed to provide high yields of the equally important intermediate 
compound 2 (Table S4).

The reusability and stability of the Ru@SILP(APO-5) and Ru@APO-5 
catalysts were investigated for consecutive hydrogenation reactions of 1 
under identical conditions (120 ◦C, 16 h, 30 bar H2). The temperature of 
120 ◦C was selected as a relatively high reaction temperature providing 
a distribution of different products. Ru@SILP(APO-5) proved reusable in 
at least eight consecutive hydrogenation reactions with unchanged 
product distribution (Fig. 6a), and HAADF-STEM analysis of the catalyst 
after the eight reaction runs (Fig. 6c) did not reveal any change in the 
size of the comprised Ru NPs (1.5 ± 0.2 nm vs 1.4 ± 0.3 nm for the fresh 
Ru NPs; Fig. 3a), evidencing their excellent stability. The enhanced 
stability of metal NPs in SILP environment is consistent with previous 
reports, and attributed to the electrosteric stabilization of NPs by the IL- 
like layer in addition to the stabilization from the support material 
[30,73–75]. Also, ICP-OES analysis and N2 adsorption experiments 
(Table S1) did not evidence noticeable changes in Ru loading nor in the 
BET surface area, indicating that the catalyst did not suffer from 
leaching of Ru metal and IL-like molecular modifier. The presence of the 
IL-like layer on the catalyst after reaction was further confirmed by TGA 
and FT-IR analyses (Figs. S17 and S18). Moreover, the APO-5 retained its 
AFI structure with only a very slight change in the XRD diffractogram 
with the formation of some new phases (Fig. S19). When reusing 
Ru@APO-5 for the hydrogenation of 1, the product distribution changed 
significantly in consecutive catalytic runs with an apparent increase in 
activity until the fifth reaction run followed by a progressive deactiva
tion (Fig. 6b). Determination of the Ru NPs mean size in the catalyst by 
HAADF-STEM revealed that initially small and narrow-sized Ru NPs (1.1 
± 0.2 nm; Fig. 3b) aggregated into irregularly shaped and larger Ru NPs 
(2.1 ± 0.7 nm) with wider size distribution (Fig. 6d). Thus, the fluctu
ation in activity is presumably linked to the evolution of the NP size 
through a typical NP size effect, consistent with previous observations of 

Rh NPs of similar sizes used in the hydrogenation of the same substrate 
[30]. In addition, ICP-OES analysis showed a decreased Ru loading after 
reuse for the reaction runs (from 4.92 to 2.62 wt%), indicating a severe 
leaching of Ru during catalysis. The BET surface area also decreased 
substantially (from 66.8 to 38.7 m2 g-1), probably due to the accumu
lation of substrate/products on the catalyst surface as evidenced by FT- 
IR [76] (Fig. S20) and the formation of new phases of APO-5 as observed 
by powder XRD (Fig. S21). A relatively large mass loss measured by TGA 
for the catalyst above 520 ◦C can likely also be associated to new phases 
formed under reaction conditions (Fig. S22). Hence, IL chemisorption 
could stabilize both the Ru NPs and the APO-5 support under operating 
conditions.

4. Conclusions

The surface molecular modification of APO-5 comprising surface 
hydroxyl groups, mesosporosity, and intercrystallinity was demon
strated with an imidazolium-based IL-like layer. Characterization of the 
novel SILP(APO-5) material confirmed the IL to be successfully grafted 
on the support, and when the material was used to immobilize Ru NPs 
following an organometallic approach the resulting Ru@SILP(APO-5) 
catalyst contained well-dispersed metallic Ru NPs with an average size 
of 1.4 nm. The Ru@SILP(APO-5) catalyst exhibited a high, yet some
what tamed catalytic activity for hydrogenation as compared to a 
reference material Ru@APO-5 without the IL-like modifier. Neverthe
less, the modified catalyst exhibited excellent product selectivity control 
in the stepwise hydrogenation of furfural acetone 1 (30 bar H2) by the 
adjustment of reaction temperature (or reaction time), due to activation 
of the C––C bond and deactivation of the C––O bond upon catalyst 
adsorption as well as energy barriers between the different hydrogena
tion steps. This allowed providing high selectivity for olefinic reduction 
(2, 83 % yield, 30 ◦C), olefinic/furan ring reduction (3, 99 % yield, 

Fig. 6. Reusability of (a) Ru@SILP(APO-5) and (b) Ru@APO-5 in the hydrogenation of furfural acetone 1. Reaction conditions: 1 (109 mg, 0.8 mmol, 40 eq.), 
catalyst (40 mg, 0.02 mmol Ru), 1,4-dioxane (2 mL), H2 (30 bar), 120 ◦C, 16 h. The conversion was 100 % in all reactions. Data points are average values of three 
experiments, and error bars represent standard deviations. STEM-HAADF of (c) Ru@SILP(APO-5) and (d) Ru@APO-5 after eight reaction runs, respectively.
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100 ◦C) or olefinic/furan ring/carbonyl group reduction (5, 97 % yield 
160 ◦C), respectively. Importantly, the chemisorbed IL stabilized both 
the immobilized Ru NPs and the APO-5 support during the catalytic 
reactions leading to high stability and reusability of the Ru@SILP(APO- 
5) catalyst with constant performance over eight consecutive reaction 
runs, which was not the case for the reference catalyst Ru@APO-5. 
These results demonstrate that the concept of surface molecular modi
fication is compatible with the use of aluminum phosphate materials, 
offering a new control parameter for the systematic design and optimi
zation of zeotype-based MMS catalysts.
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