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A liquid organic hydrogen carrier (LOHC) is an interesting concept for
hydrogen storage. We describe herein a new, active catalyst system
for dehydrogenation of perhydrogenated dibenzyl toluene (H18-DBT),
which is a promising LOHC candidate. Pt supported on a rutile-
anatase form of titania was found to be more active than Pt supported
on anatase-only titania, or on alumina, and almost equally active as Pt
supported on carbon. Robust and durable metal oxide supports are
preferred for catalysing reactions at high temperatures.

Hydrogen is a flexible energy carrier. However, its storage is
challenging. In this respect, LOHCs are promising as reversible,
effective, safe, user-friendly and economic forms of hydrogen sto-
rage. An interesting LOHC pair is based on dibenzyl toluene (DBT)
and its perhydrogenated counterpart (H18-DBT) with a reasonable
hydrogen storage capacity of 6.2 wt%, and good compatibility with
the existing fuel infrastructure owing to its liquid form and stability
at normal temperature and pressure.' Catalysts for dehydrogenation
of LOHC candidates are not equal regarding their activity and
durability.>® Choices of catalytic metal, support and preparation
procedures are decisive for catalyst properties.”'®

The dehydrogenation of cycloalkanes is challenging since it is
necessary to break the strong C-H bond. Furthermore, aromatics
are abundant in crude oil, diminishing the need for their synthesis
and the development of selective dehydrogenation catalysts for this
purpose. However, non-selective reforming process is common in
refining industries using, for example, noble metal catalysts,
particularly those based on Pt.”**™* Briickner et al.'* found Pt on
carbon to be the most active catalyst amongst those studied, and Pt
on alumina (Al,O3) the second most active, while Pt/SiO,, Pd/C and
Pd/Al,O; were not substantially active for the dehydrogenation of
H18-DBT. The conversion of H18-DBT was over 95% using Pt/Al,O;
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catalyst at 290 °C in 3.5 hours, and faster hydrogen release at
310 °C was reported.'* A hydrogen release of 50% was reported by
Fikrt et al™ for a Pt/ALO; catalyst at 0.5 wt% metal loading for
hydrogen release in continuous operation at a temperature range
from 290 to 320 °C. Carbon support is cost effective and abundant.
However, more durable metal oxide supports are desired for
dehydrogenation of H18-DBT as the reaction takes place at a high
temperature, close to 300 °C. Additionally, metal oxide supports are
highly active for hydrogen spillover, while for carbon supports this
property is compensated to some extent by chemisorption. Proper
hydrogen spillover viz. migration of hydrogen over support' is
needed besides breaking hydrogen carbon bond as the dehydro-
genation catalyst should desorb hydrogen. For challenging dehydro-
genation of cycloalkanes, metal oxide supports are more practical
than carbon supports.

Interestingly, higher activity has been observed for catalysts
supported on titania and lanthanum oxide than on alumina for
the dehydrogenation of methylcyclohexane (MCH).”"” Additionally,
notable are general features of TiO, nanopowder supports, including
strong metal-support interaction, chemical stability, acid-base
property and electrocatalytic properties. Titania nanoparticles are
commonly used in water-splitting reaction,’®'® and have been
suggested as an alternative to Pt/C in PEM fuel cells.”® These
observations inspired us to study Pt on titania supports for hydrogen
release from H18-DBT. We prepared Pt catalysts supported on titania
formed of rutile and anatase (Pt/TiO,;,) for the dehydrogenation of
H18-DBT (Fig. 1). The activity of this catalyst was compared with the
Pt supported on titania formed of anatase only (Pt/TiOyap,), and on
alumina (Pt/y-AL,O;). We present findings with in-house catalysts
(two titania and one alumina) in comparison with a commercial
Pt/C catalyst for hydrogen release from H18-DBT substrate.

Catalysts were prepared by incipient wetness impregnation
using chloroplatinic acid (H,PtCls) with a target Pt concen-
tration of 1 wt%. The catalysts were calcinated at 500 °C in
air for two hours, which did not induce significant phase
transition. Pt/TiO,., contained 86.1 wt% anatase and Pt/TiOana
100% anatase after calcination (Table 1, details in ESIt). Three
catalyst types were prepared in multiple batches to consider the
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Fig. 1 Schematic presentation of hydrogen release from H18-DBT using
Pt on titania catalyst.

repeatability of preparation. The hydrogen release rate from
H18-DBT substrate with 95% hydrogenation degree was evaluated at
290 °C. A mixture of H18-DBT and the catalyst were heated in a round
bottom flask while stirring with a magnetic stirrer at 300 min™".
The molar ratio of the substrate to Pt was 400 : 1. Dehydrogenation
degree was quantitatively analysed by NMR.****> The results are
shown as a percentage of the hydrogen released of a theoretical
maximum in 45 minutes at 290 °C (Table 1 and Fig. 2, details in
ESIt) and as cumulatively in selected tests (Fig. 3).

In the series, the Pt catalyst supported on titania nanopowder
with both anatase and rutile forms was substantially active,
showing a hydrogen release rate of approx. 65% in 45 minutes
at 290 °C. This was close to the activity of the Pt/C catalyst that
was capable of releasing 68% of hydrogen (on average) in the
same conditions. Instead, activity of the Pt catalyst prepared on
titania nanopowder with anatase only form, a common catalyst
support, was only modest showing on average 32% hydrogen
release of the theoretical maximum. We further extended our
studies to Pt on a high surface area pore-controlled y-Al,O3,
which proved to be active, but not to the extent of a Pt/TiO,;,.
Pt/y-Al,O; enabled hydrogen release of approx. 55% of the
theoretical maximum in 45 minutes from H18-DBT. Turnover
frequency was on average 3420 h™' for Pt/TiO,;, (details in
ESIY). In our work, the most active catalyst among those studied
was the new concept of Pt on TiO, with both anatase and rutile
forms, showing almost as high activity as the Pt/C catalyst used
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Fig. 2 Hydrogen release from H18-DBT using Pt (1 wt%) catalysts on
carbon, titania and alumina supports as a percentage of the theoretical
maximum in 45 minutes. A temperature was 290 °C. A molar ratio of
substrate to Pt was 400:1. Markers represent different catalyst batches
and horizontal lines are the average results.
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Fig. 3 Hydrogen release from H18-DBT using Pt (1 wt%) supported on
carbon, titania and alumina in the selected tests. T = 290 °C.

as a reference. To our knowledge, the capability of TiO,,, to
support highly active Pt for dehydrogenation of cyclohexyl
structures is unpresented.

Several batches of in-house catalysts were prepared and
evaluated in replicates in order to study the consistency of

Table 1 In-house catalysts and their hydrogen release results?

Pt/y-Al,O3 Pt/TiOy;a Pt/TiOana
Structure Gamma 100%” Anatase 86% Anatase 100%°

Rutile 14%°

Pt content (Wt%) 0.9 +0.1° 0.9 + 0.1° 0.9 + 0.1°
Particle size of support (um) 40? 0.025” 0.020”
Particle size, Pt (nm) <1° 1.3¢
Hydrogen release, 45 min. (% th. max.) 55 + 4%¢ 65 £ 5%° 32 £ 5%°

Replicates

n=6(2 cat.”%

n=11 (5 cat.%% n=>5 (3 cat.”%

“ Substrate H18-DBT, temperature 290 °C. b Manufacturer’s data. ¢ Results in ESI for ICP, S/TEM, EDS, XRD, XPS, NMR, H, release. ¢ Several

catalyst batches prepared (details in ESI).
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the results (Fig. 2), which depend on the Pt concentrations of
catalysts, molar ratios of substrate to Pt and control of reaction
temperature. Pt concentrations of the catalysts (0.9 & 0.1 wt%)
were deemed sufficiently narrow range for comparisons of
different catalyst types. The uncertainty of the molar ratio of
substrate to Pt (400:1) relates to the uncertainty of Pt concen-
trations. The reaction temperature controlled by a hot plate
varied slightly. Even when considering the uncertainty of the
measurements, higher activities of Pt/TiO,,, and Pt/C catalysts
than of Pt/y-Al,O3 and Pt/TiO,,,, catalysts studied appear to be
significant for the dehydrogenation of H18-DBT.

At the beginning of the test, the dehydrogenation degree
from H18-DBT was almost equal for different catalysts (Fig. 3).
In higher conversions, the reaction proceeded faster with the
Pt/C and Pt/TiO,,, catalysts than with the other catalysts. When
the reaction reached a 70% dehydrogenation degree, Pt/TiO,,, was
almost as efficient as Pt/C. Dehydrogenation with a Pt/y-Al,O;
catalyst was relatively fast, although not to the same extent as
with Pt/TiO,,, or Pt/C catalysts. Unexpectedly, dehydrogenation
with Pt/TiO,,,, ceased and the catalyst typically became com-
pletely inactive. Complete dehydrogenation of H18-DBT was not
achieved in the given time (1 h 15 min) with any of the catalysts.
Based on the above, Pt/TiO,., was deemed to enable fast and
smooth hydrogen release from H18-DBT.

The high activity of the Pt/TiO,,, catalyst for dehydrogena-
tion of H18-DBT may relate to the properties of Pt particles, the
support or their interactions with each other, or with the
substrate. A high surface area of a support is generally favourable
for catalysis. However, this did not seem to explain the high
activity of the Pt/TiO,,, catalyst in our experiments. The surface
area of TiO, supported catalysts was lower (below 80 m> g~ *)'81?
than the surface area of y-Al,O; support (100 m* g~ ), particularly
when compared to carbon supports that typically have high
surface areas (200-300 m> g ').*° Nanosized particles of the
support might be efficient in catalysis. However, in these experi-
ments, the catalyst supported on the TiO,,, nanoparticles showed
a high degree of dehydrogenation, while the other catalyst
supported on TiO,,,, nanoparticles deactivated soon. TEM
analyses confirmed a uniform particle size of TiO,,, particles
(from 16 nm to 20 nm) and also of TiO,,,, particles (from
12 nm to 26 nm) (Fig. 4, details in ESIf). These titania
nanopowders had an agglomerated structure, although not
sintered. The particle size of the alumina support was approx.
40 pm with a fine structure of pores in a size class of 10 nm.
Overall, the catalyst activity in our work did not follow the order
of the surface areas or particle sizes of the supports, while other
physical properties of catalysts may be important.

We further studied Pt particles of the titania nanopowder
supported catalysts. For example, good dispersion of Pt is generally
favourable for carbon supported catalysts.*® Pt particles on titania
nanopowders Pt/TiO,,, and Pt/TiO,,,, were extremely small: in the
size class of 1-2 nm or even below 1 nm (Fig. 4, details in ESIt). Pt
particles smaller than 2 nm have also previously been detected on
the surface of TiO, by Filippo et al.>* Sun et al.>* observed that the
crystalline structure of Pt particles below 1 nm spontaneously
collapses and has an amorphous nature. These Pt particles

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Images of Pt/TiO,., by (a) TEM (b) high-angle annular dark-field
STEM (images of Pt/TiOzana Pt/y-AlbOs and more details in ESIT).

IR

have only 32 atoms, and their molecular orbitals are relatively
separated and localized, leading to a short Pt-Pt distance and a
strong bond between Pt and adsorbed hydrogen. Shukla®
concluded that strong metal-support interaction rather than
the particle size of Pt, or the ability of the support to keep Pt
in a reduced state, explains the high activity of Pt on titania
catalyst for dehydrogenation of MCH. The XPS results showed
higher oxidation state for a part of Pt in Pt on TiO,., than
on TiO,,,, (details in ESIt). Small Pt nanoparticles enhance
formation of oxides, particularly when size of Pt particles is
below 1.3 nm.>>*® High Lewis acidity of Pt particles on titania
supports, and higher acidity of Pt on TiO,,, than on TiOzana
catalyst in combination with small size of Pt particles may
partially explain the high activity of Pt/TiO,., catalyst for
hydrogen release from H18-DBT.

In our experiments, two titania-supported catalysts with
Pt nanoparticles showed high activity for hydrogen release from
H18-DBT, although one of these catalysts, TiO,.n,, deactivated
soon. These catalysts had seemingly similar physical proper-
ties, both were nanopowders with similar surface areas and
Pt particles were also small (<2 nm). Only structural forms
of supports were different, and oxidation state of Pt/TiO,,, was
slightly higher than that of Pt/TiO,,,,. Deactivation of catalysts
can be many-fold, for example related to the agglomeration of
the Pt particles and adsorption of polyaromatic molecules on the
active sites of catalyst surface (analogous to coke adsorption).””*®
These adverse effects can be suppressed by high metal-support
interaction, which stabilises small Pt particles.*® TiO,, is char-
acterised by rutile phase defect sites capable to bind Pt tightly®®
and Pt(0) atoms are found to thermally diffuse into TiO, lattice
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under oxidizing atmosphere®' leading to strong interaction
between Pt and TiO,,, support. Furthermore, in Pt/TiO,,, catalyst,
nanosized Pt particles were unevenly dispersed providing regions
for migration of polyaromatic molecules from active metal sites.
However, increasing share of rutile from 14% to 84% in TiO,
supported catalyst at 1 wt% Pt loading did not improve hydrogen
release rate from H18-DBT in the preliminary tests. Indicatively,
deactivation of Pt/TiO,, catalyst was substantial for the second
dehydrogenation cycle, which could be related to growth of Pt
particles in used catalyst. Thus, small Pt particle size, strong metal
support interaction and unevenly distributed Pt leaving regions
for migration of polyaromatic molecules were thought to be
important for Pt/TiO,,, catalyst, although, general properties of
the titania support with both anatase and rutile forms are needed
for Pt nanoparticles to sustain high catalytic activity and resis-
tance towards deactivation.

In conclusion, hydrogen storage with LOHC is an interesting
concept and we found an active catalyst system for dehydrogena-
tion of such a candidate. Pt supported on a rutile-anatase form of
titania nanopowder had high activity for dehydrogenation of
H18-DBT at 290 °C, almost equally as active as Pt supported
on a carbon catalyst that is known for its high level of activity.
Metal oxide supports are robust and durable, and are therefore
desirable for reactions at high temperatures rather than carbon
supports. In our experiments, a Pt catalyst on alumina support
was efficient, although not to the same extent as Pt supported on
a rutile-anatase form of titania nanopowder, while Pt supported
on anatase-only titania nanopowder deactivated in the early
phase of reaction. Differences in the activities of the studied
catalysts did not relate to the surface areas or particle sizes of the
supports, while the characteristics of Pt particles, e.g. their size
and Lewis acidity could be significant along with some support
properties enhancing resistance of catalyst towards deactivation.
Further research is ongoing in order to elucidate stability of the
system and mechanisms behind the activity of the Pt catalyst
supported on titania nanopowder with anatase and rutile forms
for dehydrogenation of H18-DBT.
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