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This work demonstrates that supported ruthenium phosphides
(RuP2) are attractive catalysts for selective production of alditols
by sugar hydrogenation. In our studies, carbon supported RuP2

with a ruthenium content of 5 wt.–% led to the highest activity
in xylose hydrogenation and to nearly 100% yield for xylitol.
ICP-OES and XRD measurements revealed the stability of this
novel RuP2/C catalyst under typical hydrogenation conditions
(50 barH2, 120 °C) in aqueous phase. Furthermore, STEM-EDX
illustrated the close proximity of ruthenium and phosphorous

on the catalyst site and the formation of nanoparticles in the
size of 2–4 nm. The catalyst system was successfully applied for
the selective hydrogenation of further sugar substrates, includ-
ing glucose, fructose, and disaccharides, such as cellobiose and
sucrose. Here, the RuP2/C revealed its bifunctional acidic/
metallic character, enabling in a tandem reaction the hydrolysis
of disaccharides, directly followed by a selective hydrogenation
to form sugar alcohols in high yield.

Introduction

Transition metal phosphides (TMP) have emerged as a compel-
ling class of heterogeneous catalysts, with a particular emphasis
on hydrogenation reactions.[1] These materials, which are
comprised of transition metals in combination with phosphorus,
demonstrate unique catalytic behavior due to their distinctive
electronic configurations and surface properties.[2] The develop-
ment and application of TMPs have shifted into the focus in the
field of catalysis, given their potential to bring about trans-
formative changes in hydrogenation processes.[3]

The reason for the usage of TMP catalysts lies in their
unique properties. TMPs possess both metal active sites and
acid sites, demonstrating activity not only in hydrogenation but
also in a number of acid-catalyzed processes.[4] They have
physical properties resembling ceramics, making them strong
and hard, yet they retain electronic and magnetic properties
similar to metals.[5] Furthermore, in contrast to their purely
metallic counterparts, TMPs exhibit improved selectivity behav-

ior as well as higher resistances towards common deactivation
processes.[6]

In hydrogenation, TMPs have demonstrated the ability to
selectively target specific functional groups, while leaving
others untouched. This has been shown by Bonita et al. during
the selective hydrogenation (S=99%) of benzophenone and
benzaldehyde to 1° and 2° alcohols, respectively, using RuMoP.
This behavior is attributed to the presence of Lewis acidic sites
on the surface that facilitate the hydrogenation of the carbonyl
group and prevent hydrodeoxygenation, as well as other
undesired side reactions.[7] The tunable selectivity of TMP
catalyst renders them particularly beneficial for the hydro-
genation of complex biomolecules. Herein, the catalytic hydro-
genation of biomass-derived sugars represents a pivotal field
within green and sustainable chemistry, driven by the growing
demand for renewable and environmentally friendly alterna-
tives to conventional chemical processes.[8] By valorizing sugars
from sources such as agricultural residues, food waste, and
dedicated energy crops, this transformation contributes to
reducing the carbon footprint associated with traditional
chemical synthesis.[9]

Xylose is a key precursor for chemicals and biofuels, as well
as a vital polyol used in pharmaceutical, food, and cosmetics
due to its low calories, tooth-friendly, and diabetic-safe proper-
ties. High selectivity and conversion rates are crucial in its
synthetic process, especially for pharmaceutical and food
sectors where product purity is essential.[10] The hydrogenation
step from xylose to xylitol is visualized in Scheme 1. The
hydrogenation mechanism of xylose is reported by Wisniak
et al. and the hydrogenation mechanism of glucose by Brahme
et al., both can be described as a first order reaction regarding
the sugar as well as the catalyst concentration. Heinen et al.
recorded a pseudo first order reaction order regarding the
hydrogenation of fructose to mannitol.[11]

Sugars are converted to alditols through catalytic hydro-
genation, avoiding hydrodeoxygenation or methanolysis. The
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selectivity toward either xylitol production or methanolysis
depends on the initial activation of the carbonyl (C=O) or
carbon-carbon (C� C) bond in the sugar reactant. It is reported,
that Lewis acidic surface sites initiates a polarization within the
organic molecule, thereby amplifying its electrophilicity and
consequently its reactivity.[13] The capability of TMP to activate
both carbonyl groups as well as hydrogen molecules renders
them as excellent catalyst for selective hydrogenation
processes.[14–16] Alternatively, base-catalyzed activation of the
C� C bond in hydrogenolysis occurs via a retro-aldol
mechanism.[17] Thereupon the subsequent generation of
methane (CH4) can be dismissed, as it occurs in parallel rather
than as sequential reaction. This is attributed to the activation
of either the carbonyl group or the C� C bond. Catalytic systems
that consistently differentiate between the activation of a
carbonyl and a carbon-carbon moiety are the focus of current
research.[18]

Ruthenium containing catalyst show promising selectivity
and yield for the conversion of sugars to alditols. It is previously
reported that the choice of support material has great benefits
to the reaction characteristics. For instance, Al2O3 reduces the
poisoning mechanisms while HY zeolites display a significant
lowering of the activation energy.[19,20] More exotic support
materials like hypercrosslinked polystyrene lead to a kinetic
control of the synthesis path driven by improved hydrogen
spillover.[21] In most cases small amounts of methanolysis are
still reported across the board.[20,21]

The implementation of phosphorous either directly to the
catalyst or to the reaction mixture has been reported in few
studies to have a positive effect on the conversion and

selectivity during the hydrogenation of sugars. While the
addition to the reaction mixture in form of phosphoric acid
showed a positive effect, it was mostly attributed towards the
higher H3O

+ concentration.[22] The first implementation of
transition metal phosphides has been reported by Ding et al.
Herein, the authors reported the conversion of cellulose to
sorbitol/mannitol mixtures of 10 :1 with a yield of 48.4% using
Ni2P catalyst.[23] Furthermore Yamaguchi et al. investigated the
activity of hydrotalcite supported Ni2P nanoparticles (NP) in the
hydrogenation of d-xylose to d-xylitol. Herein it is reported, that
the influence of the support plays a significant role in the
performance of the catalyst, improving the selectivity approx-
imately by factor 100 compared to unsupported Ni2P-NP.[15,16] In
addition to that Qiu et al. recently reported a bifunctional Ru2P/
C-SO3H catalyst for the direct conversion of cellulose to sorbitol
at up to 200 °C. Here the bifunctional character is achieved by
the acidic surface centers introduced by sulfuric acid. It is stated
the ruthenium-based materials reduce the excessive hydro-
genation of the formed alditols greatly compared to their
phosphorus free counterpart.[24]

Based on the aforementioned results we study a broad
selection of supported RuP2 catalyst for the hydrogenation of
monosaccharides, namely d-xylose (C5 sugar), d-glucose (C6
sugar with a carbonyl group), and fructose (C6 sugar with a
keto group) as well as the disaccharides sucrose (glucose and
fructose connected via a glycosidic bond) and cellobiose (two
glucose molecules connected via a glycosidic bond) at lower
temperatures compared literature.[24] In the presented research
we investigated the influence of the support material on the
performance metrics selectivity and conversion. The goal was

Scheme 1. Hydrogenation of d-xylose to xylitol with possible by products: d-xylonic acid, furfural, d-xylulose, and d-arabinitol.[12]
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the selective formation of alditols as well as the investigation of
the catalytic performance in a broader spectrum of substrates,
compared to previously mentioned studies. The TMP-support
interactions were investigated using physi- and chemisorption
methods, in addition to composition and structural analysis.

Experimental

Materials

All chemicals were commercially sourced and utilized without
additional purification. The materials used for the preparation of
the catalyst were anhydrous ruthenium(III)chloride (RuCl3, Merck,
99,9%), anhydrous nickel(II)chloride (NiCl2,Alfa Aesar, >98%),
diammonium hydrogen phosphate ((NH4)2)HPO4, Arcos Organics,
>99%), citric acid monohydrate (C6H8O7, Merck, >98%), silica
support (SiO2, Sigma Aldrich, 99%), H-β zeolite (SiO2 :Al2O3, abcr,
>98%), activated carbon (C, Merck, >98%), nitrogen (N2, Air
Liquide, 99,99%), hydrogen (H2 Air Liquide, 99,99%) and argon (Ar,
Air Liquide, 99,99%). For the hydrogenation experiments d(+)-
xylose (C5H10O5, Merck, >98%), d(+)-glucose (C6H12O6, Merck,
>98%), d(� )-fructose (Merck, C6H12O6, >99%), sucrose (C12H22O11,
Alfa Aesar, 99%), d(+)-cellobiose (C12H22O11, Carl Roth, >98%) and
millipore water were used.

Catalyst Preparation

The synthesis of the different TMP materials was adapted from a
previously reported temperature programmed reduction (TPR)
procedure.[25] Aqueous solutions containing the metal precursor
(RuCl3 or NiCl2), (NH4)2HPO4, and citric acid (0.7 mol per mol of
metal) were prepared. Citric acid was added to increase the surface
area of the resulting catalyst and to reduce the formation of large
particles. The molar ratio of the metal and phosphorous precursor
was adjusted to 1 :4 to guarantee a full conversion of the metal
precursor. This ratio has previously been determined in validation
experiments in the reaction set up. The supported catalysts were
synthesized by incipient wetness impregnation by mixing the
support materials and the prepared solutions, followed by drying at
90 °C for 24 h. The material was calcined at 550 °C for 6 h under
5 NLArmin� 1 with a heating ramp of 2 Kmin� 1 in a muffle furnace.
Following a previously reported procedure, the calcined catalyst
was subsequently reduced in a tube furnace at 750 °C for Ni-based
and at 850 °C for Ru-based material for 6 h using a 10 Kmin� 1

heating ramp.[6] These high temperatures have been chosen to
synthesize a single phase TMP, as it is reported in literature.[26] The
materials were reduced under N2-diluted H2 flow (18 mlH2min� 1,
142 mlN2min� 1). The reduced materials were passivated under
synthetic air flow (160 mlsyn.airmin� 1) for 1 h.

Catalyst Characterization

The success of the metal phosphide phase formation was evaluated
by both, the solid-state structure, as well as the metal/phosphorous
ratio (M/P ratio) of the product.

The solid-state structure of the prepared materials was determined
using powder X-ray diffraction (XRD). The measurements were
carried out in angles of 10–90 °2θ, a scanning speed of 0.02°/s, a
step size of 0.015° and 100 s time per step on a X’Pert Pro by
Malven Panalytics. Cu� Kα was used as the radiation source and
X’Celerator as the detector. The data was processed utilizing X’Pert

Highscore Plus and compared to simulated reflexes from the
inorganic crystal structure database (ICSD).

Material composition before and after the hydrogenation reactions
were measured via inductively coupled plasma-optical emission
spectroscopy (ICP-OES). Approximately 100 mg of samples sup-
ported on either SiO2 or H-β zeolite were dissolved using micro-
wave-assisted digestion at 220 °C in a solution containing HCl,
HNO3 and HF (6 :2 :2 ml). The solutions were measured in an ICP-
OES Ciros CCD from Spectro Analytical Instruments GmbH. Desired
elements such as Ni, Ru, and P were calibrated using standard
solutions. Three consecutive measurements of the dissolved
samples were carried out and an average value was calculated.

The samples containing ruthenium and carbon were handled
differently. A method reported by Suronate et al. for ruthenium and
carbon containing catalysts was adapted for the determination of
the ruthenium and phosphorous content of the samples.[27]

Approximately 100 mg of a sample was placed in a ceramic vessel
within a preheated muffle furnace (200 °C) and further heated to
450 °C with a rate of 5 Kmin� 1 and held for 2 h. After cooling down,
380 mg KOH and 650 mg KNO3 were added to the crucible, mixed
with the sample, and heated up again to 450 °C with a heating
ramp of 5 Kmin� 1. The temperature was held for 1 h. To stabilize
the Ru and mainly RuO4

2� , 50 mg K2S2O8 was added to the cold
sample and the melts were dissolved in approx. 5 ml millipore
water. 10 ml of 1 M KOH were introduced, and the solution was
transferred to 100 ml volumetric flasks and further diluted. The
elemental composition was measured by ICP-OES as described
above.

The sulfur content of the purchased support materials was analyzed
via carbon, hydrogen, nitrogene, sulfur (CHNS) elemental analysis
using a Unicube by Elementar Analysensysteme GmbH. The
samples were reduced at 850 °C followed by a combustion at
1050 °C. These measurements were conducted to investigate
catalyst purity after synthesis.

The surface area, as well as the pore volume of the synthesized
material was determined by N2-Sorption on a Quantachrome
Quadrasorb SI-MP-8. The samples were degassed at approximately
2 10� 5 bar for 12 h at 250 °C. The relevant values were determined
applying the Brunauer-Emmett-Teller (BET) theory.

Temperature programmed desorption of ammonia (NH3-TPD) was
conducted on the same measuring device. In the initial stage, the
material was loaded with ammonia. To achieve this, the material
was initially heated to 200 °C to remove surface bound water,
followed by its exposure to a helium gas stream containing 10%
ammonia at a temperature of 200 °C for a duration of one hour. In
the following desorption step the loaded material was heated up to
700 °C at 10 °Cmin� 1 in a helium gas flow at 20 cm3min� 1. The
temperature was maintained at its final value for a duration of one
hour.

The nanostructure of the catalyst particles wads analyzed via high-
angle annular dark field scanning transmission electron microscopy
(HAADF-STEM). To do so, a Thermo Fisher Scientific Talos F200i
(S)TEM microscope was employed at 200 kV acceleration voltage.
Elemental mapping by energy-dispersive x-ray spectroscopy (STEM-
EDX) was performed using a Dual Bruker XFlash 6 j100 EDX
detector. Image analysis was facilitated using FIJI by measuring the
projected area of particles in HAADF-STEM.[28]

Catalyst Testing

The reduction of sugars to their corresponding alcohols via hydro-
genation was performed simultaneously in a 10-fold reaction
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system using 21 mL high-pressure stainless-steel (1.4571) vessels.
For each experiment, 100 mg of the catalyst was added to a 10 mL
aqueous substrate solution (0.55 mol*L� 1) with a polytetrafluorethy-
len (PTFE)-coated stirrer bar. The reactors were then closed, placed
above a magnetic stirrer in a heating block and connected to the
gas supply.

First, the reactors were purged three times with N2 in order to
remove residual air. Then the reactors were pressure tested at
50 bar N2, before they were purged again three times with H2 (5.0
grade, Linde) and finally filled with approx. 40 bar of H2 at room
temperature. Then the reactors were heated to 120 °C under stirring
with 300 rpm to reach a reaction pressure of approx. 50 bar. Then
the stirrer speed was increased to 500 rpm. This point was defined
as starting time for the reaction. After 20 h the reactors were taken
out of the heating block and cooled down to room temperature.

Analysis of the Reaction Products

The gas phase was taken from the reactors using a gas bag and
analyzed by a Varian GC 450 equipped with a Shin-carbon ST
column (2 m ×0.75 mm) and both, a thermal conductivity con-
ductor (TCD) and a flame ionization detector (FID) detector. Argon
was used as the mobile phase.

The catalyst was filtered off, washed with millipore water, and dried
for further analysis.

Products in the liquid phase were identified by Nuclear magnetic
resonance spectroscopy (NMR) and quantified using a high-
performance liquid chromatography (HPLC) system from SHIMAD-
ZU equipped with an Aminex HPX-87 H 300 mm ×7.8 mm BIORAD
Column and a refractive index detector. An aqueous sulfuric acid
solution (5 mmol*L� 1) was used as eluent.

13C nuclear resonance spectroscopy (13C-NMR) was measured using
a Bruker Avance III HD 400 MHz. The samples were prepared by
adding 0.7 mL reaction solution to 0.07 mL D2O. Calculation details
are given in the SI.

ICP-OES was used to determine leaching of elements from the
catalysts in the reaction solution. Characterization was done on an
ASCOR-spectrometer (Fa. Spectro). Phosphate was quantified using
ion chromatography (IC) on an ICS-1100 (Fa. Dionex/Thermo).

Results and Discussion

The heterogeneously catalyzed hydrogenation of sugars is
mostly carried out under the use of either noble metal catalyst
(i. e., Ru, Pd, Pt) or Raney-Nickel, whereas Ru shows the highest
conversion and selectivity compared to Ni, Pd and Pt in the
order given.[29] Following this, nickel- (5.7 wt% on SiO2) and
ruthenium-based (5.1 wt% on SiO2) phosphide catalysts were
synthesized and tested in the hydrogenation of xylose (see
Table 1).

RuP2 showed better performance (X=81.1%, SXylitol=99.8%)
compared to the Ni2P catalyst (X=14.3%, SXylitol=33.1%). In
addition, RuP2 demonstrated a significantly higher stability
against leaching of the active phase from the support material
and destruction of the crystalline phosphide phase as seen
from the XRD-results (see Figure 1) and the metal loading (see
Table 2) before and after reaction. While RuP2 on SiO2 shows no
additional reflexes after the hydrogenation of xylose, Ni2P on

Table 1. Hydrogenation of xylose using RuP2 and Ni2P on SiO2, reaction conditions: T=120 °C, pHydrogen=50 bar, t=20 h, stirrer speed=500 min� 1. The
control experiment was performed without catalyst or support, using identical reaction conditions.

Metal loading/wt% XXylose/% SXylitol/%

Ni2P on SiO2 5.74 14.3 33.1

RuP2 on SiO2 5.10 81.1 99.8

Figure 1. XRD patterns of the catalyst Ni2P on SiO2 (left) compared to the simulated reflexes of Ni2P (ICSD-reference code: 98–064-6102) and NiO (ICSD-
reference code: 98–000-9866), as well as RuP2 on SiO2 (right) compared to the simulated reflexes of RuP2 (ICSD-reference code: 98–000-0992), before (grey)
and after (black) the hydrogenation of xylose.
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SiO2 indicates the formation of a crystalline NiO phase (reflexes
appear at 37°, 43°, 63°, 76° and 80°). This can be attributed to
the disintegration of the active Ni2P phase and subsequent
oxidization of the Ni phase. This assertion is further substanti-
ated by the ICP-OES results obtained from the catalyst post
reaction. M/P ratios of 2.0 for NiP2 and 0.5 for RuP2 are expected
from the stoichiometry of the TMPs, which are well achieved for
both catalysts after synthesis. While metal loading and M/P ratio
of the RuP2 on SiO2 stays constant after reaction, significant
decrease of nickel loading, and phosphorous content were
observed for the Ni2P-based sample. This change indicates the
removal of bound phosphorous and thus a disintegration of the
active phase. Please note, that such phosphorus leaching from
Ni2P in aqueous phase sugar conversion was also observed by
Ding et al.[23] Overall, RuP2 revealed higher activity and stability
in the hydrogenation of xylose and was therefore selected for
further studies.

Variation of the Catalyst Support

A series of experiments was conducted to determine the
influence of the support material for the selected RuP2 structure
on both, the catalytic performance, and the catalyst stability.
Therefore, RuP2 was supported on SiO2, activated carbon (C)
and H-β-zeolite and compared in the hydrogenation of xylose.
The conversion and selectivity of these hydrogenation experi-
ments are shown in Figure 2. The supported RuP2 catalysts are
compared to both bulk RuP2 and a control experiment without
catalyst. The benchmark experiment with the neat support
materials only showed small conversions below 9% (see
Figure S1 in SI).

Among the supported catalysts, RuP2/C showed complete
conversion with a selectivity of 99.9% regarding xylitol
production after a reaction time of 20 h. The catalyst on the
other support materials reached comparable selectivity towards
the formation of xylitol (H-β zeolite: 81.6%; SiO2: 99.8%). While
the conversion for RuP2 on H-β zeolite was significantly lower
(H-β zeolite: 11.8%) RuP2 on SiO2 showed marginally lower
conversion (SiO2: 81.1%). The blank experiment without catalyst
resulted in a conversion of only 1.2%. The bulk RuP2 showed a
conversion of 47.0% and a selectivity towards xylitol of 93.4%.
Other products were identified as levulinic acid (S=4.0%) and
methane (S=0.7%). Ru/C on the other hand, while displaying
high conversion (X >99,9%), shows a lower selectivity towards
alditol formation compared to the tested TMP catalyst, with a
rather high selectivity towards methanolysis (S=31,2%). As a
consequence, the special relationship between phosphorus and
the ruthenium metal and presumably also electronic effects
introduced by phosphorus in the surrounding of the ruthenium
metal are crucial for the selectivity This leads to the conclusion

Table 2. Metal loading (wt%) and metal/phosphorous ratio determined by
ICP-OES before and after the hydrogenation of xylose.

Before After

Loading/
wt%

M/P
ratio/–

Loading/
wt%

M/P
ratio/–

Ni2P on SiO2 5.74 2.04 3.82 5.52

RuP2 on SiO2 5.10 0.45 5.00 0.47

RuP2 on activated carbon 4.48 0.33 4.51 0.41

RuP2 on H-β zeolite 4.97 0.42 5.00 0.49

Figure 2. Hydrogenation of xylose using RuP2 on varying support (5 wt% regarding Ru), as bulk material, and Ru/C (5 wt% Ru) reaction conditions: T=120 °C,
pHydrogen =50 bar, t=20 h, stirrer speed=500 min� 1. The control experiment was performed without catalyst or support at identical reaction conditions.

Wiley VCH Dienstag, 30.07.2024

2422 / 354177 [S. 26/32] 1

Eur. J. Inorg. Chem. 2024, 27, e202400117 (5 of 11) © 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

Research Article
doi.org/10.1002/ejic.202400117

 10990682c, 2024, 22, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejic.202400117 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [22/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



that, while RuP2 is a highly active catalyst for the hydrogenation
of xylose, choosing carbon as a support facilitates the formation
of alditols and results in a highly selective catalyst for the
hydrogenation of xylose in aqueous solution.

Stability of the different supported RuP2-catalysts was
evaluated by comparing metal loading and M/P ratio of the
materials before and after reaction (see Table 2). For the
activated carbon and H-β zeolite supported materials, the
ruthenium loading stayed fairly constant on a value around
5 wt% during reaction. The M/P ratio was below the expected
stoichiometric value of 0.5 for these catalysts after synthesis,
indicating the presence of phosphorous, that is not bound in
the crystal structure. The M/P ratios for the RuP2 catalysts shifts
closer to the optimal 0.5, suggesting the removal of unbound
phosphorous during the reaction.

To further study potential phosphorous and ruthenium
leaching, the product solutions of the hydrogenation reactions
were analyzed regarding its phosphorous (ICP-OES) and
phosphate (IC) content (see Table 3). A phosphorous/phosphate
(P/PO4

3� ) ratio of 0.340 would indicate, that the total leached

phosphorous is present in the form of PO4
3� ions in the product

solution.
As Table 3 shows, leaching of ruthenium into the product

solution was not detected. In contrast, phosphorous leaching
into the product phase was observed for all catalyst samples.
The amount of phosphorous found in the liquid product phase
by ICP-OES and IC analysis coincides with the losses recorded
by the ICP-OES analysis of the washed catalyst material (see
Table 2). Comparison of ICP-OES and IC of the liquid reaction
product display a P/PO4

3� -ratio that is close to the above
introduced theoretical value of 0.340. This suggests that
phosphorous leaches in form of PO4

3–species that have their
origin in non-converted phosphorous precursor on the catalyst,
rather than the decomposition of the RuP2 phase. This is further
indicated by the absence of other crystalline phases than RuP2

in the XRD analysis (see SI, Figure S2) and the M/P ratio, which
comes closer to the optimal 0.5 after the catalytic application of
the catalysts.

To shed light on the reason for the difference in hydro-
genation activity, the surface acidity of the different supported
RuP2-catalysts was investigated by NH3-TPD. The results of the
NH3-TPD are illustrated in Figure 3. The NH3-TPD spectra can be
divided in three distinct peaks, which exhibit varying degrees of
overlap. The low temperature peaks (T <400 °C) can be
attributed to weak acidic centers. The high temperature peak,
in turn, is ascribed to strong acidic centers.[30] The results show
that strong binding surface centers with a desorption temper-
ature above 400 °C are not detected for RuP2 supported on SiO2

and H-β zeolite, while the carbon supported sample shows a
clear high temperature signal. These strong acidic sites are a
possible reason for the higher conversion of RuP2/C, due to
favored adsorption and activation of the carbonyl group and
thus a faster hydrogenation of xylose. Brønsted acidity would
lead to the formation of hydroxymethylfurfural (HMF), while

Table 3. Ruthenium and phosphorous leaching in the liquid product
phase measured by ICP-OES and IC.

Ruthenium/
mgL� 1

Phosphorous
(P)/mgL� 1

Phosphate
(PO4

3� )/
mgL� 1

P/
PO4

3�

ratio

RuP2 on
SiO2

<1 20.0 65.60 0.319

RuP2 on ac-
tivated car-
bon

<1 73.4 219.0 0.335

RuP2 on H-β
zeolite

<1 54.3 173.0 0.441

Figure 3. NH3-TPD results of RuP2 (5 wt%) supported on H-β zeolite (blue), SiO2 (green) and activated carbon (C, black).
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Lewis acidity catalyzes the formation of alditols. As no
formation of either HMF or subsequent polymerization products
could be detected, it is assumed, that these acidic centers are
indeed Lewis acidic.[31] An exact determination of Lewis/
Brønsted acidity would require isotope-ratio mass spectrometry
(IRMS)-NH3-TPD, which was not available at the time of data
acquisition.[32] While no NH3-TPD for RuP2/C is reported in
Literature, no strong acidic centers can be reported for other
supports or other Ru containing TMPs.[33]

To investigate the morphology of the supports and
catalysts, N2-physisorption was performed, characterizing the
available surface area and pore volume before and after the
synthesis. For comparison, the support material underwent only
thermal treatment under conditions similar to the synthesis
parameters of RuP2 (850 °C, 18 ml H2min� 1, 142 mlN2min� 1, 6 h)
in a further test series. The N2-physisorption results are listed in
Table 4.

In the synthesis of RuP2, activated carbon retains approx-
imately 75% of its initial surface area and 91% of its initial pore
volume. In contrast, both SiO2 and H-β zeolite experience
significant reductions in their initial surface areas and pore
volumes, retaining only 15% and 14% of their initial surface
areas, and 15% and 23% of their initial pore volumes,
respectively. Based on this data, it is assumed that the
significantly higher surface area/pore volume and consequently
higher number of active sites are one of the main reasons for

the higher activity during the hydrogenation of xylose. This
tremendous surface reduction is only observed when the
combination of the incipient wetness impregnation method
and the high synthesis temperatures are applied. After thermal
treatment of the pure supports, in contrast, only a slight
decrease of surface area and pore volume was observed.

To further characterize the surface of the catalyst, HAADF
STEM-EDX measurements were conducted. The Maps (a) as well
as the particle size distribution (PSD)(b) are displayed in
Figure 4.

The EDX maps show that phosphorus and ruthenium can
be found at the same locations. No excessive spot-formation of
either element can be observed. This suggests a homogeneous
distribution of both elements within the nanoparticles. RuP2 on
SiO2 display a rather narrow PSD, while the other support
materials show a broader distribution. It is assumed, that two
particle formation processes take place. Firstly, the formation of
primary particles (2–6 nm) followed by the agglomeration of
secondary particles (>8 nm). These two regimes are especially
pronounced for RuP2 on H-β zeolite. In addition to the spectrum
images the ruthenium particle size distribution, mean particle
diameter of the equivalent projection area and the ruthenium
dispersion (see Table 5) were calculated on the basis of the
STEM-Images and the specific surface of one ruthenium
atom.[34]

Figure 4. (a) Structural and compositional analysis of the investigated catalyst using HAADF-STEM and EDX spectrum imaging (5 wt% RuP2 on SiO2/left, H-β
zeolite/middle and activated carbon/right); blue: phosphorous, red: ruthenium. (b) particle size distribution of 5 wt% RuP2 on SiO2/black, H-β zeolite/red and
activated carbon/blue.

Table 4. BET surface area and pore volume of the untreated and temperature treated support materials, as well as of the supported RuP2 (5 wt%) catalyst,
measured via N2-physisorption.

BET surface area/m2g� 1 Pore volume/mlg� 1

Carbon SiO2 H-β zeolite Carbon SiO2 H-β zeolite

Untreated support 868 483 605 0.70 0.78 0.39

RuP2 on support 650 72 84 0.64 0.12 0.09

Temperature treated support (850 °C) 675 472 606 0.66 0.80 0.40
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The RuP2 catalyst, when supported on H-β zeolite, exhibits
the lowest dispersion of only around 18.2%. In contrast, silica,
and activated carbon, despite having comparable dispersion
levels of 31.5% and 26.1%, demonstrate a discrepancy in their
performance in the hydrogenation of xylose. This discrepancy
can presumably be attributed to the pronounced influence of
the acidic surface centers inherent to the activated carbon,
which contribute to its higher conversion rate. Alternatively, it is
suggested that pores are blocked due to the impregnation
technique as well as the high synthesis temperature, indicated
by the low surface area and low pore volume. It is assumed that
these pores are clogged by the formation of larger particles and
agglomerates caused by the high temperature during the
material synthesis, denying access to active metal centers. As
activated carbon showed much higher resistance against this
effect the following experiments, activated carbon was chosen
as the support for RuP2, due to its superior catalytic perform-
ance.

Variation of the Metal Loading

For the subsequent set of experiments, RuP2 materials with
ruthenium loadings of 1, 2.5, and 10 wt% were used in addition
to the previously used 5 wt% RuP2 on activated carbon to
investigate the influence of the metal loading on the catalytic
performance in xylose hydrogenation. The conversion and
selectivity, reached in these experiments are displayed in
Figure 5.

During the experiment, catalysts with 1 wt% and 2.5 wt%
RuP2 on activated carbon achieved conversions of 58.2% and
91.3%, respectively. However, the catalysts with 5 wt% and
10 wt% RuP2 both reached complete conversion after a reaction
time of 20 hours. Furthermore, no by-products were detected
during the process, and a xylitol selectivity of >99.9% was
recorded, even at full xylose conversion.

Regarding the stability of the differently loaded catalysts, no
ruthenium leaching could be detected. The phosphorous
leaching, calculated from the ICP-OES of the catalyst before and
the reaction, as well as the results obtained from ICP and IC of
the liquid samples correspond to the previous experiments (see
Table 3) and are displayed in the SI (Table S1 and Table S2). In
addition, XRD analysis of these samples after reaction shows no
change in the crystal structure (see SI, Figure S4).

Substrate Variation

The following series of experiments were designed to evaluate
the applicability of the 5 wt% RuP2 on activated carbon catalyst
across different sugar substrates. In addition to d-xylose (C5-

Table 5. Calculated ruthenium dispersion and mean particle diameter of
5 wt% RuP2 on different supports.

Support C SiO2 H-β zeolite

Ru-Dispersion/% 26.1 31.5 18.2

Mean particle diameter / nm 4.1�1.3 2.3�1.4 3.6�2.4

Figure 5. Hydrogenation of xylose using RuP2 on activated carbon with varying metal loading (1, 2.5, 5, 10 wt%), reaction conditions: T=120 °C,
pHydrogen =50 bar, t=20 h, stirrer speed=500 min� 1).
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sugar), d-glucose (C6-sugar with a carbonyl group), fructose
(C6-sugar with a keto group) and the disaccharides sucrose (d-
glucose and fructose linked) and cellobiose (two d-glucose
molecules linked) were deployed as substrates in the hydro-
genation experiments. The results of these experiments are
presented in Figure 6. It can be observed that for all the
investigated substrates, apart from cellobiose (XCellobiose =50%),
full conversion was achieved after 20 h reaction time. More
details of the substrates before and after hydrogenation with
their corresponding products are displayed in the 13C-NMR
spectra in the SI (Figure S6� S10). Except for the reaction using
glucose as substrate, other products than the respective alditol
could not be detected. Even with glucose, sorbitol was clearly
the main product with a selectivity of 96.2%. Regarding
fructose, a racemic product mixture was identified containing
sorbitol and mannitol (SSorbitol=SMannitol =50.0%). The racemic
mixture is formed due to the non-stereoselective hydrogenation
of the keto group (see SI, Figure S11 and Figure S12). The same
effect leads so a 3 :1 sorbitol:mannitol ratio in the hydro-
genation of sucrose (see Figure S13). Sucrose consists of a
glucose and a fructose molecule that are α,β-1,2-glycosidic
connected. In a first step, the glycosidic bond is cleaved, and
the resulting glucose and fructose are hydrogenated resulting
in the detected statistical product distribution. Regarding the
selectivity of the hydrogenation of sucrose, similar ratios have
been reported in literature.[35] The direct hydrogenation and
hydrolysis of cellobiose has been reported to be a challenging
reaction, that usually requires the addition of acids to the
solution or the usage of specially prepared support
materials.[36,37] In this study, a higher selectivity (SSorbitol =99.3%)
towards sorbitol formation can be reported compared to the

literature (SSorbitol, Max=84.0%), without the further usage of
additives.[36] It is assumed, that the role of the aforementioned
additives is taken by the acidic surface sites of the RuP2 on
activated carbon catalyst, that have been investigated previ-
ously (see Figure 3). The final conversion was 48.9% and is
comparable with the average conversion rate reported in
literature.[36,37] This demonstrates that RuP2 on activated carbon
is a suitable catalytic system for the highly selective hydro-
genation of varying sugar substrates to the respective alditols.

Finally, a series of recycling experiments was performed
using the 10 wt% RuP2/C catalyst in the hydrogenation of
glucose. Therefore, the catalyst was cleaned using millipore
water, weighed and the sugar content adjusted to the new
catalyst mass. Full conversion over four consecutive runs and
only a slight decrease in xylitol selectivity was detected (See SI,
Figure S5), what might occur due to increased C� C instead of
C=O bond activation. However, in the analysis of the recycled
catalyst no Ru leaching could be observed (see SI, Table S3).
Also, the phosphide structure remained stable as shown by ICP
and XRD measurements after catalytic application (see SI,
Figure S14 and Table S4).

Conclusions

Transition metal phosphides are a class of heterogeneous
catalysts, that promise high performance in selective hydro-
genation reactions. In this study, RuP2/C has been shown to be
a superior catalyst for the hydrogenation of sugars to their
respective alcohols. RuP2 was identified as a stable catalyst with
high activity and selectivity in xylose hydrogenation, while a

Figure 6. Hydrogenation of different sugars using 5 wt% RuP2 on activated carbon, Reaction conditions: T=120 °C, pHydrogen =50 bar, t=20 h, stirrer
speed=500 min� 1).
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previously reported nickel phosphide catalyst (Ni2P) proved to
be less active, and suffered from severe metal leaching and
phase transformation. The study further examined the influence
of different support materials, namely silica, activated carbon,
and H-β zeolite. Activated carbon was identified as the optimal
support for the RuP2 particles among the tested alternatives,
attributed to its strong acidic sites, which seem to enhance the
activation of the xylose carbonyl group. Furthermore, the
alternative supports suffered from severe reduction of available
surface area after the impregnation with the ruthenium
phosphide. The versatility of RuP2/C for selective sugar hydro-
genation was assessed by investigating its performance for
diverse sugar substrates, involving C5- and C6 sugars, as well as
disaccharides. Full selectivity to the respective sugar alcohols
was observed with all these substrates (S >96.2%) while side
product formation by C� C bond breaking was fully suppressed.
Due to the acidic properties of the RuP2/C catalyst, even the
disaccharides were converted to the monoalditols in high
amount (XSucrose>99%, XCellobiose =50%), a distinct advantage of
the new bifunctional catalytic system. Moreover, recycling of
the 10 wt% RuP2/C catalyst showed stable activity over five
consecutive runs without any detectable Ru leaching. The
phosphide structure remained also stable as shown by ICP and
XRD measurements post catalysis. However, the slight decrease
in xylitol selectivity might be due to improved C� C instead of
C=O bond activation.
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