
Improving Hydrogen Release From Oxygen-Functionalized
LOHC Molecules by Ru Addition to Pt/C Catalysts
Lukas A. Maurer+,[a, b] Chuyen v. Pham+,[a] Birk Fritsch,[a] Henrik S. Jeppesen,[c] Martin Etter,[c]

Andreas Hutzler,[a] Reinhard B. Neder,[d] Moritz Wolf,[e] Franziska Auer,[a] Simon Thiele,[a, b, f]

and Peter Wasserscheid*[a, b, g]

Bimetallic PtRu/C catalysts have been prepared by depositing
Ru onto a commercial Pt/C catalyst and subsequent thermal
annealing. Different Pt : Ru ratios of 1 : 1, 2 : 1, 4 : 1, 8 :1, and 16 :1
have been investigated with annealing temperatures of 350
and 500 °C. Using X-ray diffraction (XRD), synchrotron powder
X-ray diffraction (SPXRD) combined with pair distribution
function (PDF) analysis and scanning transmission electron
microscopy with energy dispersive X-ray spectrum imaging
(STEM-EDXS), we show that diffusion of Ru into the fcc crystal
structure of the Pt nanoparticles takes place during thermal
annealing. Partial segregation and the formation of Pt nano-
clusters on the bimetallic surface was observed depending on

the Pt :Ru ratio. The annealing process does not only cause a
high Pt dispersion but also affects the electronic structure of
the Pt surface by broadening the d-band thus facilitating the
product’s desorption from the surface of the bimetallic particle.
These beneficial effects have been exemplified for the catalytic
dehydrogenation of dicyclohexylmethanol, a promising hydro-
gen carrier compound with 7.2 wt% hydrogen capacity. The
most active catalyst material among the tested supported alloys
and monometallic reference materials was Pt4Ru1/C after
annealing at 500 °C, which increased the hydrogen release
productivity by 65% compared to the unmodified Pt/C catalyst.

Introduction

The transport and storage of renewable energy is of great
importance in the context of the global energy transition.
Liquid organic hydrogen carriers (LOHCs) offer great potential

for storing and transporting hydrogen and acting as an infra-
structure-compatible energy vector.[1] The most promising and
intensively researched LOHC systems consist of aromatic hydro-
carbons and their hydrogenated counterparts, e.g. toluene/
methylcyclohexane,[2,3] (perhydro) dibenzyltoluene (H18-/H0-
DBT)[4–7] and (perhydro) benzyltoluene (H12-/H0-BT).[4,7] Hydro-
gen is bound covalently to these LOHC molecules, which
enables a significant increase in volumetric energy density of
hydrogen storage.

The high enthalpy of the dehydrogenation reaction pre-
vents unintended release of hydrogen at ambient conditions,
ensuring loss-free storage and safe transport. However, this also
means that the catalytic release of hydrogen requires an
external energy supply to overcome the reaction enthalpy and
maintain the reaction temperature. To keep this effort as low as
possible, various strategies for an efficient low-temperature
dehydrogenation with a focus on dehydrogenation thermody-
namics were discussed by Müller et al..[8]

In addition, alternative LOHC systems and more efficient
catalysts can reduce dehydrogenation temperatures and thus
leverage heat integration potentials, e. g. with the exothermal
energetic use of the released hydrogen. LOHC systems, that
contain heteroatoms such as nitrogen in (perhydro) N-ethyl-
carbazole (H12-/H0-NEC), have already been extensively studied
and dehydrogenation temperatures below 200 °C have been
realized.[9] Nitrogen-containing LOHC systems were found to
generally exhibit reduced hydrogenation/dehydrogenation
enthalpies.[10]

Recently, also oxygen-containing substances have been
evaluated as LOHC compounds. Zakgeym et al.[11] showed
experimentally that the dehydrogenation of the oxygen-con-
taining dicyclohexylmethanol (H14-BP) to benzophenone (H0-
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BP) can be conducted at temperatures below 250 °C. Note, that
through the introduction of the alcohol functionality the
hydrogen capacity rises to 7.2 wt% in comparison to 6.7 wt%[12]

for the oxygen-free counterpart (perhydro) diphenylmethane
(H12-/H0-DPM).

A promising possibility to reduce dehydrogenation temper-
atures is the use of a bimetallic catalyst. Bimetallic catalysts
often show properties that neither of the two monometallic
catalysts exhibit. Depending on the interaction of the two
metals, the activity and selectivity of the catalyst can increase.[13]

The geometric and electronic properties of the material can
be specifically adjusted.[14,15] This makes it possible to influence
the reaction behavior and the adsorption properties of the
catalyst.[16,17]

The use of bimetallic platinum ruthenium catalysts was a
major breakthrough in electrocatalysis.[18,19] A synergistic effect
between platinum and ruthenium leads to unique properties of
this catalyst in electrocatalytic applications.[20,21] Therefore, these
catalysts have been in the focus of research and development
in recent years.[22] The activity of such PtRu catalysts can be
influenced by various parameters. These include morphological
design, adjusting the integration of metal and support and
adjusting the electronic structure of the active centres.[22]

The introduction of ruthenium leads to a ligand effect and
weakens the d-band center of the platinum.[23,24] It has been
shown that the use of ruthenium in an alloy with platinum
weakens the binding of platinum to adsorbed CO and thus
increases the resistance of platinum to poisoning.[20,25] In a
further study, a platinum-ruthenium alloy was shown to have
significantly increased activity for methanol electrooxidation.
This could be attributed to a modification of the electronic
structure of the platinum surface through the introduction of
ruthenium into the alloy.[26]

In this study, we present a bimetallic catalyst, PtRu/C, with
improved performance in the thermocatalytic dehydrogenation
of H14-BP. We also show the influence of different Ru contents
on the performance of the bimetallic catalysts. The addition of
the second metal, Ru, to the Pt-based reference catalyst was
carried out via an innovative synthesis approach. The results are
complemented by a comprehensive catalyst material character-
ization.

Experimental

Catalyst Synthesis

Our innovative synthesis approach was published previously[27] and
now scaled up for this study. For the synthesis of the carbon
supported PtxRu1 (x=1, 2, 4, 8, and 16) catalysts (PtxRu1/C), 3 g of
Pt/C (5 wt% Pt, Sigma Aldrich) were added to a round bottom flask,
followed by addition of 10 ml H2O to wet the catalyst. Then, 150 ml
of isopropanol were added. The Pt/C precursor was dispersed in the
solution by sonication for 5 min, followed by stirring for 1 h at
75 °C. A salt precursor solution was prepared by dissolution of a
predetermined amount (according to Ru content, x) of hydrated
RuCl3 (38–42 wt% Ru, Sigma Aldrich) in 1 ml water by sonication for
2 min. Next, the prepared RuCl3 aqueous solution was added to the
reaction solution under stirring. Deposition of Ru on Pt nano-

particles in the reaction solution occurred under continuous stirring
at 600 rpm for 3 h at 75 °C. The reaction solution was then filtered
and rinsed with a copious amount of H2O using a glass vacuum
filtration system. The received product was dried in a freeze dryer
for 6 h. An annealing step was carried out in reductive gas
atmosphere (10% H2 in Ar) at 350 °C or 500 °C for 2 h to obtain
PtxRu1/C-350 and PtxRu1/C-500, respectively.

Catalyst Characterization

Transmission Electron Microscopy

The samples for transmission electron microscopy (TEM) investiga-
tions were prepared by dip-coating TEM grids with suspensions of
Pt1Rux/C powder in a 1 :1 mixture of isopropanol and water,
followed by natural drying in air. High-angle annular dark field
scanning TEM (HAADF-STEM) and energy dispersive X-ray spectrum
imaging (STEM-EDXS) were performed using a Talos F200i (Thermo
Fisher Scientific) operated at a primary electron energy of 200 keV.
In addition, selected area electron diffraction (SAED) was carried
out using an aperture of 10 μm diameter yielding a circular field of
view of around 230 nm. Diffraction patterns have been evaluated
using an automated evaluation routine based on Python.[28] At first,
the algorithm iteratively determines the exact center of the
diffraction pattern obstructed by the beam stopper. Next, an
aberration correction is performed by fitting elliptical distortions up
to fourth order to the polar transformed data.[28,29] In the end, the
aberration-corrected diffraction patterns are azimuthally integrated
and peak-fitting allows for separation of background and measure-
ment signal. For crystalline materials, the approach was demon-
strated to yield ppm accuracy in changes of the reciprocal lattice
vector q.[28]

XRD Analysis

The diffractograms were recorded with a X’Pert PRO MPD
diffractometer from Malvern Panalytical with Cu Kα radiation (λ=

1.542 Å). A diffraction angle range of 10–90° was measured with a
sampling rate of 0.015° · 100 s� 1. The Profex software was used for
the evaluation of the diffraction data. The parameters of the
analysis were kept constant for all synthesized catalysts. To
compare macroscopic XRD data to nanoscopic SAED patterns,
diffraction angles were translated into the q-space by the following
correlation:

q ¼
2 sinq

n � l (1)

with the diffraction order n (for first order diffraction n=1), X-ray
wavelength λ, and diffraction angle θ.

X-Ray Atomic Pair Distribution Function Analysis

Synchrotron powder X-ray diffraction (SPXRD) measurements were
performed at the Powder Diffraction and Total Scattering Beamline
P02.1 at the PETRA III synchrotron at the Deutsches Elektronen-
Synchrotron at a wavelength of λ=0.20731 Å. Samples were put in
glass capillaries of 0.8 mm diameter and capillaries were spun
during the experiment for better statistics. Each sample was
measured for 30 min ensuring high quality data also at high
magnitude of scattering values Q. Diffraction data was collected on
a Varex XRD 4343CT area detector which has a CsI scintillator
directly deposited on amorphous Si photodiodes. The pixel size of
the detector is 150 ·150 μm2 and it has a pixel area of 2880 ·2880
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pixels. The detector was placed at a calibrated distance of
300.859 mm from the sample. Dark images with electronic noise of
the detector, activated pixels or stray photons from the front part
of the beamline before the fast shutter were automatically
subtracted from the raw data. A LaB6 powder standard (NIST 660c)
was utilized for the calibration of the detector. Azimuthal integra-
tion was performed using the DAWN Science software.[30]

The integrated intensities were converted to the powder pair-
distribution-function (PDF) using the ad-hoc algorithm as build into
PDFgetx3.[31,32] Our own software DISCUS[33] was used for the data
conversion. Comparisons to PDF data converted by PDFgetx3 did
not show significant differences in the distance range 1.0 Å to 20 Å.
The scattering by the capillary was subtracted using an equivalent
data set for an empty capillary. To minimize the effects of the finite
Q range, the data were limited to Qmax=18.0 Å� 1. Following the
standard data treatment for the powder PDF, the small angle range
below Qmin=1.15 Å� 1 was replaced in the reduced normalized
scattering function F(Q) by a straight line to the origin.

Inductively Coupled Plasma Optical Emission Spectroscopy

To demonstrate the successful deposition of Ru on the commercial
Pt/C catalyst during the synthesis, the metal loading of a Pt1Ru1/C
catalyst with the highest Ru content under investigation was
measured using inductively coupled plasma optical emission
spectroscopy (ICP-OES). 100 mg of the catalyst was dissolved with
inverse aqua regia (HNO3:HCl=3 :1). The measurement was carried
out with an Agilent 725 device (radial measurement; plasma
excitation at 40 MHz, 2 kW) and repeated twice.

Dehydrogenation Experiments

The dehydrogenation experiments were carried out in a semi-batch
glass setup. The reaction took place in a 100 mL three-neck glass
flask, equipped with a reflux condenser and a heating mantle. The
temperature of the liquid phase was measured with a type K
thermocouple, which was inserted into the liquid through a septum
and controlled by a fitron 4 TP temperature controller (Fiege
electronic). Customized software (fitronTP V1.0.2b) is used to
operate the temperature controller. A continuous flow of 200 ml/
min Ar was directed through the entire reaction chamber as carrier
gas for the released hydrogen. The argon flow was adjusted with
an EL-FLOW Prestige mass flow controller (Bronkhorst), using the
Flow View V1.23 software (Bronkhorst). This leads to a shift in the
reaction equilibrium and thus favors dehydrogenation. The off-gas
from the reaction was passed through the reflux condenser and
two washing bottles to remove remaining organic residues. Other
gaseous impurities, such as CO2, were removed with an activated
carbon filter. The hydrogen content in the gas stream was
measured by means of thermal conductivity measurement (FTC
300; Messkonzept; calibrated range 0–40 vol.% H2 in Ar).

Before the start of the experiment, the hydrogen-loaded LOHC was
weighed into the three-neck flask. H14-BP was produced through
hydrogenation of benzophenone. Table S3 of the ESI shows the
sample composition, and its purity was determined to be 98.42%
using GC-FID. The mass of H14-BP amounted to 29.75 g for all
experiments (equivalent to 0.15 mol). The amount of catalyst was
defined by a fixed molar ratio of LOHC to precious metal (Pt+Ru)
of 2000 :1. The catalyst was filled into a custom-made stainless-steel
sleeve, which was placed in a glass tube connected to the flask.
This allowed the release of the catalyst at the desired reaction
temperature without opening the system. The LOHC was magneti-
cally stirred at 500 rpm and heated to reaction temperature under
argon flow.

When the LOHC reached the desired temperature, a zero sample
was taken, the experimental time started, and the catalyst was
added. Further samples of 0.1 ml were taken after 30, 60, 90, 120,
180, 240, and 300 min with a 1 ml plastic syringe and a suitable
cannula through the flask side-neck sealed with a septum. The
liquid samples were cleaned from residual catalyst particles by a
syringe filter and prepared for analysis by gas chromatography
(GC). At the end of the experiment, the heating mantle was
switched off. As soon as the temperature in the reaction chamber
decreased below 50 °C, the cooling, the inert gas supply, and the
stirrer were switched off and the experimental setup was
disassembled and cleaned.

Regarding the reaction mechanism of H14-BP dehydrogenation, it
must be pointed out that hydrogen is released in two stages. First,
the alcohol functionality is dehydrogenated resulting in ketone
formation. This process accounts for 1/7 of the theoretically
possible hydrogen release. Second, the more demanding ring
dehydrogenation occurs in the presence of a suitable catalyst. A
detailed description of the reaction mechanism was recently
published by Zakgeym et al..[11]

Gas chromatographic Analysis of Liquid Samples

The composition of the liquid samples from the dehydrogenation
experiments was analyzed using GC. For sample preparation,
defined amounts of liquid and n-decane standard were weighed
into a GC vial, followed by addition of the solvent acetone and
homogenization through shaking. The samples were then meas-
ured using a Trace 1310 gas chromatograph (Thermo Fisher) with
an iConnect™ flame ionization detector (Thermo Fisher). A SRxi17Sil
capillary column (Restek, 30 m, inner diameter 0.25 mm) was used
for separation. Helium was used as carrier gas with a flow rate of
1 ml/min and a split ratio of 150 :1. A sample volume of 1 ml was
injected at an injector temperature of 250 °C. Table 1 shows the
temperature program, which was optimized for the separation of
all occurring products.

Between different measurement sequences, the capillary column
was cleaned by injecting acetone onto the column and heating the
oven to 300 °C. The chromatograms were generated using the
software Thermo Xcalibur Qual Browser.

In our previous work[11] the retention times and the correction
factors Ki/St of all reaction (side) products and intermediates were
determined. The corresponding molar quantities ni were calculated
from the measured peak areas A and molar masses M of all
substances i and the standard St using equation 2.

ni ¼
nSt � Ai �MSt

Mi � ASt
� Ki=St (2)

Equation 3 enables the direct calculation of the corresponding
molar fractions ni

ntot
in the reaction mixture.

Table 1. Temperature program of the GC method for analysis of the liquid
phase composition.

Heating ramp/°Cmin� 1 Target temperature/°C Holding time/min

Start 110 5

10 130 5

5 145 10

5 180 0

10 270 5
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ni

ntot
¼

Ai

Mi
Ki=st

P
j
Aj

Mj
Ki=st

(3)

The overall proportion of released hydrogen is calculated via the
following correlation:

nH2 � released

nH2 � stored
¼

0
7
�
nH14� BP

ntot
þ

1
7
�
nH12� BP

ntot
þ

3
7
�
nH8� BP

ntot
þ

4
7
�
nH6� BP

ntot

þ
6
7 �

nH2� BP

ntot
þ

7
7 �

nH0� BP

ntot
�

1
7 �

nH12� DPM

ntot
þ

2
7 �

nH6� DPM

ntot

þ
5
7 �

nH0� DPM

ntot
þ

8
7 �

nFluorenone

ntot

(4)

Thermal Conductivity Measurement and Gas Phase Analysis

From the thermal conductivity (TCD) measurement, the volumetric
flow rate of hydrogen _VH2

can be calculated with the following
formula:

_VH2
¼

fH2

1 � fH2

� _VAr (5)

Here, fH2
stands for the measured volume fraction of hydrogen in

the exhaust gas stream and _VAr for the volumetric flow of argon
with which the reaction chamber is overflown. The productivity P of
the catalyst is then calculated from the volumetric flow rate of
hydrogen as follows:

P ¼
_VH2
� 1H2

mcat � wPt
(6)

The density of hydrogen at 273.15 K (1H2
¼0.0899 kg/m3), the

catalyst mass mcat and the metal loading wPt were used for the
calculation. The TCD measurement can be falsified by the presence

of other gases like water, which can be formed in side reactions like
dehydration. Therefore, all data determined from TCD measure-
ments were fitted to the data points determined by GC. For this
purpose, a correction function is used, which is determined by a
least-square minimization.

Results and Discussion

Catalyst Synthesis

The synthesis method used in this work is scalable and was
realized at gram-scale. The method consists of two main steps
as illustrated in Figure 1. In the first step, Ru metal was
deposited onto the Pt nanoparticles of a commercial Pt/C
catalyst (Pt loading of 5 wt%). The Ru deposition onto the
surface of Pt catalyst particles occurred by a Pt catalyzed Ru3+

reduction with isopropanol (equation 7, Figure 1). Table S2 in
the SI gives an overview of the target loadings of the individual
catalysts. The quantities of precursors used and the annealing
temperatures for the individual catalysts can be seen in
Table S3. As a result, Ru can be observed in the close vicinity of
Pt particles (referred to as Ru1@Ptx/C) in the obtained EDX
spectra (Figure 2, first column).

2 RuCl3 þ 3 CH3CHðOHÞCH3

! 2 Ruþ 3 CH3COCH3 þ 6 HCl
(7)

To enhance the diffusion of Ru into the Pt lattice, annealing
of the Ru1@Ptx/C pre-catalyst was carried out under H2/Ar
atmosphere at 350 °C and 500 °C for 2 h to yield PtxRu1/C-350
and PtxRu1/C-500 samples, respectively. The use of a hydrogen
atmosphere during the annealing was carried out to ensure
that Ru remains in its reduced state during the thermal

Figure 1. Schematic illustration of the catalyst synthesis process.
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treatment. The ICP analysis of Pt1Ru1/C yield the targeted values
with acceptable measurement deviations (see Table S4). The
highest utilized ratio of 1 : 1 was reliably attained, indicating
precise control over the synthesis process. It is presumed that
all lower Pt : Ru ratios were also successfully achieved, maintain-
ing consistency throughout the experimental procedure. These
results underscore the accuracy and reliability of the synthesis
method, providing confidence in the subsequent analysis and
interpretation of the experimental data.

The annealing step is supposed to enable the diffusion of
Ru into Pt particles. Overall, the results of STEM-EDXS measure-
ments suggest that Ru is first deposited onto Pt particles
(Figure 2 a), distributes and alloys with Pt upon annealing at
350 °C (Figure 2 b), and partially precipitates again to Ru
particles with Pt attached at an annealing temperature of 500 °C
(Figure 2 c). The same trend is also observable in Figure S1 and
S2 in the supporting information. These results are also
confirmed by SAED, as depicted by the radially integrated
intensity profile in Figure 3 (corresponding selected areas and
diffractograms are shown in Figure S3). Here, diffraction peaks
of both Ru and Pt as well as slight peak shifts indicating alloying
of both elements are visible, whereas the peaks are remarkably
broadened due to the small size of the nanostructures.

Most of the catalyst volume, however, consists of PtRu alloy,
which gets obvious when looking at the XRD patterns (Figure 3
and 4). The XRD pattern of Ru1@Pt1/C shows diffraction signals
at 39.7°, 45.8°, and 67.0° (Figure 4) which are slightly shifted to
higher values compared to the values of an ideal Pt crystal at
39.2°, 45.6° and 66.5°.[34] These diffractions correspond to (111),
(200) and (220) lattice planes of face-centered cubic Pt (fcc Pt,
JCPDS card No.04-802).[35,36] The shifts correlate to the embed-

ding of Ru into Pt lattices.[37–39] Diffraction at 2θ of 25.0° can be
assigned to interference at the carbon lattices. No clear separate
peaks of Ru metal were observable, indicating an overall
alloying of Ru into Pt fcc crystallites.[39] With an increase in the
post-treatment temperature, more Ru is incorporated into the
Pt crystal, enhancing this shift. This is also visible when
comparing Pt4Ru1/C-500 and Pt1Ru1/C-500 (Figure 4). At the
same post-treatment temperature, the sample with more
ruthenium shows a larger shift of diffraction peaks. A similar
increase in the shift with an increase in the ruthenium content
has already been observed by Chu et al..[39] Furthermore, the
sharpening of the diffraction peak for Pt4Ru1/C-500 indicates a
larger spatial coherence and, thus, bigger nanoparticle size
compared to Pt/C.[40] From STEM measurements, the diameters
of PtxRu1 nanoparticles are estimated in the range of 1–6 nm
(Figure S4) and well distributed over the carbon micro-particles
as shown in Figure 2 and S1. State of the art calculations[41]

were used to determine particle size distribution and the metal
dispersion (see figure S4 and Table S1 in SI). We observed
sintering of the bimetallic nanoparticles for PtxRu1/C-500
samples because of the elevated annealing temperature.

To further clarify if there is an interaction between Pt und
Ru in the bimetallic catalyst samples and to investigate the
effect of thermal annealing on the composition of the metal
particles, PDF analyses were conducted. In Figure 5 the results
are compared for the Ru1@Pt1/C (red) and the Pt1Ru1/C-500
(blue) sample. For better comparison, the residual (black) is
shown in addition to the respective sample curves.

A remarkable observation is that all metal associated peaks
shift to smaller lattice spacings after thermal annealing at
500 °C. This indicates that Ru atoms are incorporated into the Pt

Figure 2. STEM-EDX spectrum images of a) Ru1@Pt4/C, b) Pt4Ru1/C-350, and c) Pt4Ru1/C-500. Pt in blue, Ru in orange, C in green.
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lattice causing a lattice contraction which agrees with the
results of the XRD measurements (see Figure 4). Whereas Pt has
a fcc crystal structure with a lattice constant of 3.92 Å,[42] Ru
forms hexagonal close-packed (hcp) crystals. Up to a Ru content

of 0.7 mol%, Ru can form alloys with Pt, replacing Pt atoms but
keeping the crystal structure intact. The lattice constant
decreases down to a value of 3.83 Å[42] at a Ru content of
0.68%.[42,43] Moreover, Vegard’s law states that the lattice

Figure 3. SAED analysis results of Ru1@Pt4/C (red) and bimetallic Pt4Ru1/C catalysts (green, blue) and XRD pattern of Pt4Ru1/C-500 catalyst (turquoise) for
comparison (Cu Kα radiation, λ=1.542 Å).

Figure 4. XRD patterns of pristine Pt/C (black), Pt4Ru1/C-500 (turquoise), Ru1@Pt1/C (red) and bimetallic Pt1Ru1/C catalysts with different post-treatment
temperatures (green, blue), Cu Kα radiation (λ=1.542 Å).
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parameters of a bimetallic particle/alloy lie between those of
the two pure metals.[44] The expected lattice parameter for fcc
ruthenium particles based on DFT simulation is 3.73 Å.[45] This
agrees with our results of the PDF analyses and again leads to
the conclusion that there is an interaction between Pt and Ru
atoms. Thereby an elevated annealing temperature promotes
the diffusion of Ru into the Pt nanoparticles of the catalyst.

Dehydrogenation of H14-BP

To evaluate the influence of Ru addition and different
compositions of PtxRu1 (x=1, 2, 4, 8, and 16) on the activity and
selectivity of PtxRu1/C catalysts, the synthesized materials were
tested in the dehydrogenation of H14-BP. A commercial Pt/C
catalyst (Pt/C-cml.) from previous work by Zakegym et al.[11] was
used as a benchmark. Additionally, a Pt/C catalyst that was
subjected to our specific synthesis conditions without the
addition of RuCl3 (Pt/C-control) and a commercial Ru/C catalyst
(Ru/C-cml.) were also tested for control purposes. The measured
hydrogen release for the different reference and control
catalysts over the reaction time is depicted in Figure 6.

For the Pt/C-control catalyst that was subjected to the
synthesis conditions without Ru addition, a 32% decrease in
hydrogen release could be observed after the reaction time of
5 h compared to the untreated commercial reference material.
This might be due to changes on the nanoparticle or support
surface caused by the control treatment. An increase in activity
due to the catalyst treatment during the synthesis can therefore
be ruled out for all further experiments. The commercial Ru/C
catalyst released only 0.22% of the stored hydrogen over a

period of 5 h. This confirms the previous results by Zakgeym[46]

and shows that a monometallic Ru catalyst exhibits negligible
activity for the dehydrogenation of H14-BP.

Initially and to evaluate the influence of Ru in bimetallic
catalysts, Pt1Ru1/C catalysts were prepared, post-treated at
different temperatures, and tested in the dehydrogenation of
H14-BP. The measured hydrogen release is compared with
those of the monometallic Pt/C references in Figure 7.

The Pt1Ru1 pre-catalyst without thermal post-treatment
(Ru1@Pt1/C) shows a 31% decrease in hydrogen release
compared to the Pt reference catalyst. With this, the achieved
hydrogen release lies in the region of the Pt/C-control sample.
But since the bimetallic catalysts contain more noble metal
than the monometallic catalysts, the amount of catalyst used
for the experiments was adjusted to maintain a constant ratio
of LOHC to noble metal. As a result, 50% less Pt is available for
the reaction in the experiments with Pt1Ru1/C compared to the
standard experiment. This means that the platinum-based
productivity is even higher for the bimetallic catalysts than for
the monometallic ones. Nevertheless, the low activity of the
Ru1@Pt1/C can be attributed to the fact that Ru is deposited
onto the surface of the Pt particles during the synthesis.
Without annealing, no diffusion of Ru into the Pt particles takes
place. As a result, Ru covers the catalytically active surface of
the Pt nanoparticles. Part of the active Pt surface is thus not
available for the catalysis of the dehydrogenation reaction.

The Pt1Ru1/C catalyst post-treated at 350 °C shows a
significant increase in activity compared to the one without
thermal post-treatment. This can be attributed to the diffusion
of Ru into platinum particles. As a result, more active platinum
surface area is available for the reaction than without thermal

Figure 5. Comparison of PDF data of Ru1@Pt1/C (red) and Pt1Ru1/C-500 (blue).
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post-treatment. Despite providing only half of the total
platinum amount, the catalyst showed comparable activity to
the untreated standard catalyst with a hydrogen release of 11%
after 5 h. This behavior suggests a synergistic effect between Pt
and Ru. A possible explanation is that the diffusion of
ruthenium into the noble metal particles modifies the chemical
and geometrical properties of the surface.[13,47]

The Pt1Ru1/C-500 catalyst shows the highest hydrogen
release rate in this series of experiments. The achieved hydro-
gen release of 15% after 5 h corresponds to a 31% increase in
comparison to the standard catalyst. By increasing the post-
treatment temperature, more ruthenium diffuses into the Pt
particles and more Pt is present at the catalyst surface. The
phase diagram of Pt and Ru (Figure S6) shows that the two

Figure 6. Hydrogen release over reaction time in the dehydrogenation of H14-BP with reference and control catalysts. Experimental conditions: 230 °C; 1 atm;
200 mlmin� 1Ar; 0.05 mol% (Pt+Ru) :H14-BP; standard deviation derived from two reproductions.

Figure 7. Hydrogen release of the Pt1Ru1/C catalysts over reaction time in the dehydrogenation of H14-BP with reference and control catalysts. Experimental
conditions: 230 °C; 1 atm; 200 mlmin� 1 Ar; 0.05 mol% (Pt+Ru):H14-BP; standard deviation derived from two reproductions.
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metals are not completely miscible over a wide range of
compositions.[48] At an atomic ratio Pt : Ru of 1 : 1, two phases are
formed: a pure Pt phase and an alloy with the highest possible
Pt concentration of 60%. The STEM-EDX spectrum images
suggest that this occurs in the form of platinum nanoclusters
on the surface of the bimetallic nanoparticles (c.f. Figure 2).

The formation of such nanoclusters and segregation
phenomena have already been described in other works.[49,50]

Sachse et al.[49] studied Pt� Ru nanoparticles on carbon films.
They observed the formation of Pt nanoclusters on the surface
of the nanoparticles during the reduction of the metals. Bavand
et al.[50] described that there are no significant diffusion or
changes in nanoparticle composition during thermal annealing
of Pt� Ru at temperatures below 250 °C. Between 250 and
350 °C, rapid diffusion was observed. In another study[42] on Pt-
Ru nanoparticles prepared by chemical reduction, no alloy
formation was found below 350 °C. This is in good agreement
with our results. Without thermal annealing at 350 °C, no
positive effects due to the presence of Ru on the catalyst
surface and the absence of Pt� Ru interactions were observed.[42]

In this context, a change in the electronic structure of Pt
atoms at the particle surface through neighboring Ru atoms is
possible. Fine-tuning the electronic properties of platinum has
proven to be a valuable tool for increasing catalyst activity.[51,52]

For example, Chen et. al.[52] were able to increase the activity of
Pt nanoparticles for ammonia borane hydrolysis by a factor of
15 by specifically adjusting their ionic structure. In comparison
to single-metal configurations, bimetallic systems often feature
distinct electronic characteristics that can be advantageous for
fine-tuning the adsorbate-catalyst surface interactions.[53] This
can reduce, for example, the adsorption energy of hydrogen at
the active sites[49] which can have again a positive impact on
the dehydrogenation activity. DFT simulations[54] showed that

the interaction of the different atoms in a nanostructure can
lead to so-called ligand effects. The incorporation of a
heteroatom into a metallic particle leads to a broadening or
narrowing of the d-band and a corresponding change in the
average d-band energy. This change in the electronic structure
leads to a change in the chemical properties of the surface
atoms. Studies on model Ru surfaces showed that a shift in the
mean energy of the d-band causes a stronger interaction with
adsorbates. In contrast, lowering the mean d-band energy
weakens the interaction between adsorbate and surface.[44]

Based on the explanations above, the increased catalytic
activity of the bimetallic Pt1Ru1 nanoparticles was attributed to
the formation of platinum nanoclusters and an interaction
between Pt and Ru, which results in altered adsorption proper-
ties.

To further study the role of Ru in the bimetallic catalysts
and determine the optimum amount of Ru, catalysts with Pt :Ru
ratios of 2 :1, 4 : 1, 8 : 1, and 16 :1 were synthesized and tested in
the dehydrogenation of H14-BP. In Figure 8, the overall hydro-
gen release in the dehydrogenation experiments is compared
for the different catalysts.

The correlation between a higher post-treatment temper-
ature and an increased catalyst activity was, once again,
confirmed for Pt :Ru molar ratios of 1 : 1, 2 : 1 and 4 :1. Hence,
the catalysts with Pt :Ru ratios of 8 : 1 and 16 :1 were exclusively
annealed at 500 °C. Starting from a Pt :Ru ratio of 1 : 1, the
overall hydrogen release increases with decreasing Ru content
in the catalyst. A maximum is observed at a Pt :Ru ratio of 4 : 1.
Thereafter, a sharp decrease of hydrogen release after is
observed for higher ratios. Interestingly and contrary to
Ru1@Pt1/C, even the Ru1@Pt4/C catalyst shows a higher activity
than the standard catalyst. The measured hydrogen release

Figure 8. Hydrogen released after 5 h reaction time in the dehydrogenation of H14-BP over the platinum content of the metal particles with reference and
control catalysts. Experimental conditions: 230 °C; 1 atm; 200 mlmin� 1 Ar; 0.05 mol% (Pt+Ru):H14-BP; standard deviation derived from two reproductions.
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during the experiment amounts to 14% and is therefore 28%
higher than the one exhibited by the reference.

Due to the constant LOHC to noble metal ratio of 2000 :1,
more Pt is available for the reaction when using Pt4Ru1 catalysts
than when using Pt1Ru1 catalysts. Consequently, the amount of
Ru in the untreated Ru1@Pt4/C catalyst cannot cover the
complete surface of the Pt nanoparticles. This leads to two
effects: 1) A part of Pt atoms remains at the particle surface and
is still active for the reaction. 2) A Pt� Ru interface, that would
only be formed through thermal annealing for a completely Ru
covered surface, is already present without post-treatment. Like
in Pt1Ru1/C-500, this PtRu surface is then particularly active for
the dehydrogenation of H14-BP.

For a more detailed consideration of the most active
catalyst Pt4Ru1/C-500, the hydrogen release and the productivity
curves are shown together with the reference curves of the Pt/
C-cml. catalyst in Figure 9.

The comparison of the hydrogen release of the Pt4Ru1/C-500
catalyst with the standard sample (Figure 9, A) confirms the
higher activity of the Ru-containing catalyst. The achieved
hydrogen release of 18% after 5 h reaction time corresponds to
an increase of 65% compared to the pure Pt catalyst. This was
determined from the composition of the liquid samples at the
end of the experiment (see Table S5). It can be further seen
from the liquid phase compositions that with the Pt4Ru1/C-500
catalyst nearly complete H14-BP conversion (98%) was
achieved, mostly resulting in ketone formation (74%) but also
partly in dehydration and further ring dehydrogenation (24%).
The H14-BP conversion with the Pt/C in contrast only amounted
to 55% which is made up to 31% of ketone formation and to
13% of consequential reactions.

The observed activity increase with the addition of Ru to
the Pt/C catalyst (molar ratio 1 :4) is attributed to the formation
of a PtRu nanostructure as described above. Ru thereby affects
the formation of Pt nanoclusters on the nanoparticle surface.
More of these Pt nanoclusters are assumed to be formed at a

higher proportion of Pt in the catalyst, which results in an
increased activity. In this regard, the Pt :Ru ratio of 4 : 1 appears
to provide the optimum proportion of Pt nanoclusters and
therefore the highest activity of the corresponding catalysts.
The high annealing temperature of 500 °C again contributes to
a successful formation of the active Pt nanoclusters.

To exclude the influence of different platinum contents, the
productivity of the Pt4Ru1/C-500 and the standard catalysts are
calculated in relation to the Pt mass (Figure 9, B). The
productivity of the untreated standard catalyst shows a sharp
productivity maximum at the beginning of the experiment. The
maximum productivity of 0.72 gH2gPtmin� 1 thereby is compara-
ble with the one of the Pt4Ru1/C-500 catalyst. However, the
productivity of the standard catalyst drops shortly after reach-
ing the maximum value. In contrast, the productivity of the Ru-
containing catalyst remains on a higher level over a wider range
of the degree of hydrogen release. This results in an overall
higher productivity of the bimetallic catalyst. The slower drop in
productivity of the PtRu catalysts compared to the pure Pt
catalyst fits the described changes in the adsorption properties
of the bimetallic catalysts. Lowering the average d-band energy
facilitates the desorption of the products. This allows the
bimetallic catalysts to maintain a high productivity over a wider
range of hydrogen release than the monometallic Pt catalyst.

Conclusions

In this contribution, the use of bimetallic PtRu/C catalysts for
the dehydrogenation of H14-BP was investigated. The catalysts
were synthesized by deposition of Ru onto a Pt/C reference
material, followed by thermal annealing. A significant increase
in hydrogen release was observed for the Ru containing
catalysts. A monometallic Ru/C catalyst showed no activity for
the dehydrogenation reaction. Different Pt : Ru ratios of 1 : 1,
2 : 1, 4 : 1, 8 :1, and 16 :1 were investigated and compared with

Figure 9. Hydrogen release over reaction time (A) and productivity over hydrogen release (B) of the Pt4Ru1/C catalysts in the dehydrogenation of H14-BP with
reference catalysts. Experimental conditions: 230 °C; 1 atm; 200 mlmin� 1 Ar; 0.05 mol% (Pt+Ru):H14-BP; standard deviation derived from two reproductions.
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the pristine and control catalysts. The highest activities were
achieved with the ratio of 4 : 1. In addition, the effect of the
thermal annealing temperature on the structure of the catalyst
and its dehydrogenation activity was investigated. Overall, an
increasing activity with increasing annealing temperature was
found. The highest hydrogen release within this study was
achieved by a bimetallic catalyst with a Ru content of 20% and
an annealing temperature of 500 °C. This corresponds to an
increase in hydrogen release of 65% in comparison to the
standard Pt/C catalyst.

Diffusion of Ru into the catalyst nanoparticles through
thermal annealing was shown. XRD and PDF measurements
suggest the incorporation of Ru into the fcc crystal structure of
the Pt nanoparticles and the presence of an interaction
between the two metals. For the considered Pt :Ru ratios, partial
segregation, and the formation of Pt nanoclusters on the
surface of the bimetallic particles is assumed. This is supported
by STEM-EDXS measurements.

The formation of Pt nanoclusters on the surface of the
nanoparticles is associated with a high Pt dispersion. This
contributes to an increased dehydrogenation activity of the
corresponding catalysts. Moreover, the incorporation of Ru into
the Pt nanoparticles is assumed to have an electronic effect:
Through a broadening of the d-band and a decrease in its
average energy, the adsorption energy of a molecule on the
surface of the bimetallic particle is reduced, leading to a
facilitated desorption of reaction products. This is reflected in
the behavior of the most active catalyst Pt4Ru1/C-500. A higher
maximum productivity compared to the reference Pt catalyst is
achieved. Further, the productivity remains on a higher level
over a longer range of the degree of hydrogen release. Both
effects are attributed to a favorable composition of the
bimetallic catalyst nanoparticles with a high share of Pt nano-
clusters and favorable adsorption properties.

The applied synthesis procedure to post-treat a commercial
Pt/C catalyst with Ru and yield alloyed metal structures with
altered surface properties could be also relevant for other types
of catalytic reactions. Moreover, the procedure could be trans-
ferred regarding other catalyst materials and metal alloys.
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