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Abstract

In this study, the structure sensitivity of the dehydrogenation reactions of the commonly used liquid
organic hydrogen carriers (LOHC) molecules perhydro dibenzyltoluene (H18-DBT) and perhydro
benzyltoluene (H12-BT) is investigated. We focus on the hydrogen release at moderate reaction
temperatures, which is particular relevant to enable heat integration of the LOHC dehydrogenation
process with, for example, high-temperature fuel cells for an enhanced overall efficiency. To
determine the most suitable platinum nanoparticle size with the highest surface specific
productivity, a colloidal approach was used for the synthesis of Pt/Al2Os catalysts with well-
defined nanoparticle sizes. These catalysts were used in the dehydrogenation reactions of H18-
DBT and H12-BT in the temperature ranges of 250-280 °C and 220-240 °C, respectively. A
structure sensitivity was identified in both cases, which becomes particularly prominent at lower
reaction temperatures. This is attributed to the overall slower reaction kinetics and the amplified
differences of the adsorption strength on different surface sites. A maximum in surface specific

productivity was found for catalysts with a Pt nanoparticle size of 2.6 nm for H18-DBT and 2.3 nm

1



for H12-BT dehydrogenation. It is assumed that the observed structure sensitivity is mainly due to
an optimal surface composition of the nanoparticles with an ideal balance between strongly
adsorbing corner and edge sites and less active terrace sites. At low temperatures, desorption from
low coordinated sites is limiting for nanoparticles below 2.3 nm, while the increasing share of
terrace sites in nanoparticles larger than 2.7 nm reduces the overall productivity of the catalyst due
to their lower specific activity. This behavior becomes less pronounced at higher temperatures. The

dehydrogenation of H12-BT was even shown to be rather structure insensitive at 240 °C.



Introduction

The use of hydrogen as an energy carrier plays an important role for future energy distribution and
supply from renewable sources. Renewable energy sources, such as solar or wind power, are
subject to geographical, daily, and seasonal fluctuations, which can lead to a discrepancy between
energy supply and demand.! Hydrogen, produced by electrolysis of water with renewable
electricity, can help to overcome these imbalances. Moreover, the use of hydrogen may facilitate
the globalization of the renewable energy market in case of efficient long-term storage and
transportation solutions.? ReuR et al. point out that hydrogen as an energy carrier has lower costs
and losses when compared to high voltage direct current transmission for transportation over

distances of more than 500 km.2

In order to store or transport large quantities of molecular hydrogen, compression to high pressure
or liquification at low temperature are common approaches to increase the low volumetric energy
density of hydrogen under ambient conditions (3 Wh L). Both options are associated with a high
energy demand and safety issues due to the handling of molecular hydrogen, while the required
development of a new infrastructure for hydrogen logistics poses another challenge.* One
possibility to overcome this is the use of alternative storage and transport media such as liquid
organic hydrogen carriers (LOHCs). LOHC systems consist of hydrogen-rich and hydrogen-lean
compounds which enable a reversible chemical binding of hydrogen in their molecular structure.
Examples of promising LOHC pairs are dibenzyltoluene/perhydro dibenzyltoluene
(HO-DBT/H18-DBT) and benzyltoluene/perhydro benzyltoluene (HO-BT/H12-BT).>® Both
systems exhibit a volumetric energy density close to 2.0 kWh L™, which is higher than the value
of 1.3 kWh L for pressurized hydrogen at 700 bar.* Moreover, LOHCs should provide a broad
liquid range, a low toxicity when compared to common fuels, a high stability to ensure circular
use, and similar properties like hydrocarbon based fuels to enable use of existing infrastructures in
order to simplify implementation of the LOHC technology.>>® The chemical reactions of the
LOHC cycle are catalytic hydrogenation and dehydrogenation through which hydrogen is either
chemically bound in or released from the LOHC molecules. Both reactions require a catalyst which

is typically a supported precious metal e.g., Pt on alumina (Pt/Al203).% !

Recently, several options for increasing the efficiency of the LOHC concept have been discussed.
A promising approach is the heat integration between the energy-intensive dehydrogenation

reaction and adjacent processes e.g., coupling the dehydrogenation with the heat production from
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high temperature fuel cells.*>1* For such coupling of different processes, a lower dehydrogenation
temperature than the commercially applied 300 to 340 °C facilitates heat integration and allows for
higher efficiencies of the overall process.® In this respect, the development of a high-performance
catalyst for low operation temperatures <300 °C represents a crucial step towards this goal.
Therefore, the influence of a lower dehydrogenation temperature on hydrogen release from
H18-DBT and H12-BT needs to be further investigated to develop optimized Pt/Al2Oz3 catalysts.

A structure sensitivity of the dehydrogenation of HI8-DBT over Pt/Al2O3 catalysts has been
reported by Auer et al. for a reaction temperature of 310 °C!¢ and generally represents an important
aspect for catalyst development. Structure sensitivity is a prominent phenomenon in heterogeneous

catalysis'"™"?

and based on the size dependent composition of the catalyst surface with differently
coordinated atoms, e.g. corner, edge, and terrace sites.?%2! More specifically, a certain coordination
of surface atoms, such as Bs-sites, may even become the major descriptor for the specific activity.
These ensembles consist of a combination of step and edge sites and can exhibit beneficial catalytic
properties e.g., even lower adsorption energies than terrace atoms. This is described by Foppa et
al. for the example of CO adsorption on Ru nanoparticles.”> Common patterns of structure

sensitivity have been described by van Santen (Figure 1).!8
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Figure 1: Common patterns of structure sensitive specific activities in heterogeneous catalysis (adapted from van
Santen).'

The patterns link the dependence of surface specific activity to the change in the composition and
coordination of surface atoms calculated at different nanoparticle sizes (Figure 2). This geometric

effect is directly linked to specific sites, such as low-coordination or high-coordination sites, which
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influence chemical reactions by altering the interaction of molecules with the surface of a catalyst.
Aside from geometric effects, changes in the electronic properties of nanoparticles due to their size
and structure may result in electronic effects. These changes affect the energy levels within the
nanoparticles and the electronic interactions with reactant molecules. The entanglement of both
effects makes it challenging to exploit their individual contributions to catalysis effectively.!'!?>2*
However, several studies directly link observed patterns of structure sensitive specific activity to
geometric effects.!®!%2526 Aside from structure sensitivity related to the catalyst performance,
namely surface specific activity and selectivity, catalyst stability can also depend strongly on the

nanoparticle size.?’%
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Figure 2: Number of variously coordinated surface atoms, Cs (corners), C; (edges), Cs+Cy (terraces), in an ideal
cuboctahedral platinum particle. Calculated from Kaatz et al.*

For the dehydrogenation of H18-DBT using Pt catalysts, Auer et al. identified a broad maximum
of the specific initial productivity between Pt nanoparticle sizes of 1.95 and 2.70 nm.'® Here, the
overall considered Pt nanoparticle size range was 1.2 to 4.5 nm. The elevated catalytic activity was
attributed to the increased concentration of Bs-sites on the surface of the Pt nanoparticles, which

theoretically peaks between 2.0 to 3.5 nm. 62030

In this work the structure sensitivity of the dehydrogenation of H18-DBT and H12-BT will be
investigated at low reaction temperatures for a set of well-defined supported Pt nanoparticle sizes
ranging from 1.8 to 4.0 nm. Specific activities in the dehydrogenation reaction of LOHCs are then

compared to theoretical surface compositions!'”) of the Pt nanoparticles to investigate geometric



effects. The catalysts with narrow Pt nanoparticle size distributions were synthesized according to

a previously described colloidal approach with chemical reduction and deposited on Al203.3!

Methodology

Catalyst synthesis

The supported Pt nanoparticle catalysts were synthesized as previously reported.>! In short, a
defined amount of the capping agent polyvinylpyrrolidone (PVP, MW 40 000, Sigma Aldrich) was
dissolved in 50 mL of Millipore water and ultrasonicated for 15 min to homogenize the solution.
A total of 52 mg of chloroplatinic acid (H2PtCls, 39 wt.% Pt, Sigma Aldrich) was added to the PVP
solution and the mixture was ultrasonicated for 1 min. The obtained solution was magnetically
stirred at 1500 rpm and the reducing agent (NaBHas, 33mM in Millipore Water, Acros Organics)
was rapidly injected. The injection of different volumes of the NaBH4 solution (0.2-2.4 mL) allows
for the controlled synthesis of Pt nanoparticles with certain sizes (see Table S1 in ESI). After 1 min
of stirring, an alumina powder (PURALOX TH100/150, 35-100 pm, 150 m? g, Sasol Germany)
was added and the nanoparticles were immobilized overnight under moderate stirring to ensure a
homogeneous distribution on the support. A loading of 0.2 wt% Pt was targeted for all catalysts
with the addition of 10 g alumina support material. Solvent evaporation was carried out at 80 °C

and 250 mbar in a rotary evaporator to obtain the catalyst for characterisation and catalytic testing.

Catalyst characterization

The Pt loadings of the catalysts were assessed by means of inductively coupled plasma optical
emission spectroscopy (ICP-OES) using a Ciros CCD device by Spectro Analytical Instruments.
The solid catalyst samples were dissolved in a concentrated HCI:HNOs3:HF mixture (3:1:1
volumetric ratio) with microwave digestion. Before analysis, the instrument was calibrated with

standard solutions of Pt.

Electron microscopy was applied to analyze the size and size distribution of Pt nanoparticles. High-
resolution scanning transmission electron microscopy (HRSTEM) was conducted using a Thermo
Fischer Talos F200i for the analysis of unsupported nanoparticles drop-casted onto carbon coated
copper grids. The software Imagel®> was used to evaluate the lattice distances in selected

nanoparticles. Here, the contrast of the image is enhanced, followed by a fast Fourier Transform
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bandpass filter for isolating specific frequency ranges in the image to reduce the noise and enhance
lattice fringes. Then, a line is drawn across the lattice planes and a contrast profile scan is conducted
and plotted. The distances between the peaks, corresponding to the lattice distances, are measured
at different positions along the nanoparticle and averaged. Transmission electron microscopy
(TEM) of the supported catalysts was conducted using carbon coated copper grids and a Philips
CM30. The size analysis of nanoparticles was conducted separately by two operators using
Image,* considering at least 150 Pt nanoparticles from different areas of the sample. The mean
volume size (dv) of the nanoparticles is calculated according to Equation (1).20-3

_ Zng-af
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The distribution of Pt nanoparticle sizes is presented by means of the volume density distribution
(gs-distribution), which is more sensitive to variously sized nanoparticles. The volume-area size
(dva) is calculated according to Equation (2), while the dispersion of Pt is calculated using Equation
(3).20’33

Tni-d}
dya [nm] = Smrd? (2)
Vpt /Apt

dva

D=6 )

Where, Vp, and Ap, correspond to the volume (15.10 A®%) and surface area (8.07 A?) of one Pt atom,

respectively.

The surface composition of the differently sized nanoparticles is approximated based on the
mathematical descriptors of Kaatz et al.?! (Figure 2). In this study, we assume a structure of ideal
cuboctahedron Pt nanoparticles. The approximated number of atoms in a nanoparticle is then
differentiated into corners, edges, and terraces to link the proportion of these sites to observed
catalyst activities. Such surface sites can only be estimated since they vary for each individual
nanoparticle based on surface defects, reaction conditions, etc. The error associated to this
approximation can be expected to be similar for all different sizes, allowing for reasonable

conclusions and hypotheses on potential structural dependencies.



Catalytic testing

Dehydrogenation experiments were conducted in a semi batch glass set-up. Certain amounts of
H18-DBT or H12-BT (degree of hydrogenation > 97.5%; Hydrogenious LOHC Technologies
GmbH, Germany) were weighed into a 100 mL four-neck round-bottomed flask at room
temperature to provide a total amount of 2 g of reversibly bound hydrogen
(m(H18-DBT/H12-BT) =32 g). A Type-K thermocouple, a catalyst dosing device and an argon
inlet line were connected to the side necks of the flask, while an intensive condenser was attached
to the middle-neck. A certain amount of catalyst was loaded into the dosing device to yield a
Pt:LOHC ratio of 0.1 mol%. Before the start of the experiment, an argon flow of 100 mL min™! for
H18-DBT or 300 mL min! for HI12-BT was controlled by a mass-flow controller (Bronkhorst
Deutschland Nord GmbH) to provide an oxygen-free atmosphere and to act as a carrier gas for
hydrogen during dehydrogenation. The flask was then heated to the desired reaction temperature
by a heating jacket in combination with a temperature controller. After reaching the reaction
temperature, the catalyst in the dosing device was released into the pre-heated LOHC to initiate the

reaction.

For quantifying the amount of released hydrogen in the dehydrogenation of H18-DBT, H-NMR
spectroscopy is applied for the calculation of the degree of hydrogenation. This is defined as the
molar ratio of the released hydrogen to the total maximum of reversible bound hydrogen (DoH,
Equation 4). Here, a few drops of the liquid Hx-DBT sample are withdrawn via a glass pipette at
the following time intervals: 0, 2.5, 5, 7.5, 10, 12.5, 15, 20, 30, 60, 90, 120 min. The samples are
rinsed into an NMR analysis tube with at least 0.8 mL of deuterated chloroform. The *H-NMR
spectra are acquired using an ECX 400 spectrometer (JEOL) and evaluated with an ACD
SpecManager software (ACD Labs). This is realized through the integration of the respective
signals of aromatic hydrogen atoms (in the 6.5-7.5 ppm range) and their correlation to the integral
of the signals of all hydrogen atoms i.e., ratio of the respective areas. Do et al.** showcased a
correlation between the degree of hydrogenation for Hx-DBT (DoHpsr) and the relative decrease
in aromatic protons. The corresponding mathematical expressions according to Equations (4-6)
assume a statistical reaction pathway for the dehydrogenation of H18-DBT. The degree of

dehydrogenation (DoDHpsgr) is then calculated using Equation (7).

DoH = —12 4)

Ntotal H,



A .
x = aromatic H (5)
Atotal H

DoHpzr = 1.3945x6 — 4.0937x5 + 5.6287x* — 5.207x3 + 4.0098x2 — 2.9217x +1  (6)

DODHDBT = 1 - DOHDBT (7)

For the dehydrogenation of H12-BT, a thermal conductivity detector (Messkonzept GmbH,
Germany) was used to analyze the gas fraction of hydrogen in the argon rich off gas X, /4,. The
Pt-based productivity of the catalyst is calculated according to Equation (9) using the volumetric
ratio Xy, /4r, the applied argon flow rate V4, the density of hydrogen P, at 60 °C, the catalyst

mass Meqrqiyse and the Pt loading of the catalyst wp,.

Xﬁ(t)'VAr'PHz/
Ar
ny, (t) My,

DODHBT = = (8)

Ntotal Hp Ntotal Hp

ADODHBT / DBT

Pp () = (9)

Mcatalyst WPt

For a comparison of the specific activity of all dehydrogenation catalysts with different Pt
nanoparticle sizes, the initial productivity (Pet2-10%) between 2 and 10% degree of dehydrogenation
(DoDHsrT, Equation 8) is normalized to the accessible fraction of Pt surface atoms with the help of
the dispersion D. This initial surface specific productivity (Petsurf) IS calculated according to
Equation (10).

PPt,surf = Ppt,z.;w% (10)

Results

Supported Pt model catalysts were prepared according to a previous study.’! At first, a range of
well-defined Pt nanoparticles with mean volumetric sizes of 1.8 to 4.0 nm were synthesized via a
colloidal approach, chemically reduced, and immobilized on an Al2O3 support (BET surface area:
162 m? g'!, BJH pore size 20 nm, Figures S1-S2 in ESI). The nanoparticle sizes were determined
based on TEM analysis of supported platinum nanoparticles (Figures S3-S6). The target loading of

all catalysts was 0.2 wt.% to ensure sufficient particle-particle distances after immobilization. The
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metal loadings were confirmed by means of ICP-OES, while a standard deviation of +0.02 wt.%

was obtained (Table S1 in ESI).

The accessibility of the Pt surface upon chemical reduction was confirmed using CO as probe
molecule, but was also demonstrated for the significantly larger H12-BT molecule.?! Hence, the
model catalysts enable studying the structure sensitivity of the low temperature dehydrogenation
of H18-DBT and H12-BT without previous exposure to elevated temperatures. The actual thermal
stability of the supported Pt nanoparticles was evaluated by annealing at 250 °C under a N2
atmosphere (see supplementary information). HRSTEM analysis before and after this exposure
(Figure S7A-B) simulating thermal stress during catalytic application without contamination of the
catalyst exhibits marginal changes of the Pt nanoparticle size distribution (Figure S7C-D). Hence,
thermal exposure of the model catalysts to elevated temperatures that are relevant for the herein
conducted performance tests does not affect the size of well-defined supported nanoparticles.
HRSTEM imaging was also conducted on unsupported Pt nanoparticles, which allowed for the
analysis of the Pt lattice planes (Figure 3). The crystallographic (100) and (111) facets with lattice
distances of 0.392 and 0.226 nm, respectively,”> were identified. These are common in

cuboctahedron nanoparticles.

228 nn (111)

Figure 3: HRSTEM of unsupported Pt nanoparticles of (A) 4.5, (B) 6.0, and (C) 2.6 nm synthesized via aqueous
NaBH. solutions with identified (100) and (111) facets.

Structure sensitivity of the dehydrogenation of perhydro dibenzyltoluene (H18-DBT)

Based on the previous results on the structure sensitivity of the dehydrogenation of H18-DBT at

310 °C,'¢ catalysts with Pt nanoparticle sizes in the range of 2.0 to 4.0 nm were tested at lower
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reaction temperatures of 280 and 250 °C. The selected range of volumetric nanoparticle sizes
covers the reported range with maximum initial surface specific productivity, which was previously
linked to the high proportion of Bs-sites.!® The herein obtained results at lower operation
temperatures are compared with the data of Auer et al. previously obtained at 310 °C (Figure 4).1
The performance of each catalyst during these semi batch dehydrogenation experiments is
described in the ESI (Table S2). It becomes evident, that the structure sensitivity is significantly

amplified at lower reaction temperatures.
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Figure 4: Initial surface specific productivity of Pt/Al,Oz catalysts with defined Pt nanoparticle sizes in the
dehydrogenation of H18-DBT at different reaction temperatures. Reaction conditions: T = 250 °C
(black); 280 °C (red), npe:nLonc = 0.1 mol.%, Far = 100 mL-min‘t, treaction = 120 min, catalyst loading
= 0.2 wt.% Pt. Synthesis conditions: surfactant:Pt precursor ratio = 5 geve et %, reducing agent:Pt
precursor ratio = 0.2-0.4 molnasHs molpr®. Grey data points adapted from Auer et al.’® Reaction
conditions: T =310 °C (grey), nee:nLorc = 0.1 mol.%, Far = 0 mL-min™, treaction = 120 min, catalyst
loading = 0.3 wt.% Pt. Error bars represent the standard deviation of the initial productivity from
three reproductions and of the mean size. Dashed lines to guide the eye.

At 250 °C, the highest initial surface specific productivity of 0.60 gH2 grtsurf* min"t was observed
for a catalyst with a Pt nanoparticle size of 2.6 nm, whereas the catalyst with the smallest size of
2.0 nm showed an initial productivity of 0.17 gnz getsurt™™ min™. For larger nanoparticles, the initial
productivity was below 0.10 g2 grtsurt™ min for a mean Pt nanoparticle size of 3.4 nm. This
corresponds to a more than sixfold increase of the initial productivity at 250 °C within the

considered size range. At 280 °C, the dehydrogenation of H18-DBT and the specific initial
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productivity of the dehydrogenation catalysts become less sensitive to the Pt nanoparticle size than
at the lowest temperature (Figure 2). An initial productivity of 1.27 gu2 gpisut’ min! was obtained
for the catalysts with mean volumetric sizes below 2.3 nm, while a productivity increase to 1.71
g2 geisurf! min! was observed for the catalyst with 2.6 nm Pt nanoparticles. For sizes larger than
2.8 nm, the specific productivity declined to a lower level comparable to the smallest sizes. A
minimum productivity of 1.18 gu2 gptsurf’! min™ was observed for the largest studied size of 4.0 nm.
The significance of the slightly increased maximum initial productivity at a Pt nanoparticle size of
2.6 nm has been confirmed by three reproductions. Comparison of these results with the available
data for the dehydrogenation of H18-DBT at 310 °C reveals a less pronounced structure
sensitivity at increased operation temperatures. This may stem from the lower equilibrium
conversion and the generally slower reaction kinetics for the dehydrogenation reaction at lower
reaction temperatures, which may amplify miniscule differences in the intrinsic activity of

differently coordinated surface atoms.

Structure sensitivity of the dehydrogenation of perhydro benzyltoluene (H12-BT)

Following the same approach, the structure sensitivity of the dehydrogenation of H12-BT was
investigated. A temperature range of 220 to 240 °C was selected for these experiments, while
0.2 wt.% Pt/Al203 model catalysts with mean volumetric Pt nanoparticle sizes in the range of 1.8
to 4.0 nm were used. The initial productivities of the catalysts were, once again, normalized to the
Pt surface atoms (Figure 5), while the individual semi batch tests are shown in the ESI (Table S3).
The observed correlations between Pt nanoparticle size and surface specific catalyst activity clearly
point towards a structure sensitivity of the dehydrogenation of H12-BT within the investigated

temperature range.
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Figure 5: Initial surface specific productivity of Pt/Al,Os catalysts with defined Pt nanoparticle sizes in the
dehydrogenation of H12-BT at different reaction temperatures. Reaction conditions: T = 220 °C
(black), 230 °C (red), 240 °C (orange); npt:nLonc = 0.1 mol.%, Far = 300 mL-min-1, treaction = 120 min,
catalyst loading = 0.2 wt.% Pt. Synthesis conditions: surfactant:Pt precursor ratio =5 gpyp getl,
reducing agent:Pt precursor ratio = 0.2-0.4 molnasra molpct. Error bars represent the standard deviation
of the initial productivity of three reproductions and the mean size. Dashed lines are guide to the eye.

Expectedly, the structure sensitivity is the least pronounced at the highest reaction temperature of
240 °C. Interestingly and regardless of their higher proportion of terrace sites with an expected
lower intrinsic activity,'® catalysts with Pt nanoparticle sizes >2.7 nm exhibited a plateau with the
highest specific initial productivities of 0.72 gu2 gptsuf’! min™!. Similar to the observations for the
dehydrogenation of H18-DBT, this indicates that the reaction kinetics at temperatures >240 °C are
sufficiently fast to obtain such improved activities regardless of the nature of surface atoms and
composition of nanoparticles. Contrary, the structure sensitivity at dehydrogenation temperatures
of 220 and 230 °C is more pronounced with maximum initial productivities of 0.19 and
0.40 gr2 gpisurt’! min’!) respectively, for a Pt nanoparticle size of 2.3 nm. This size provides an
intermediate share of low coordinated edge atoms and a surface composition suitable to form
Bs.sites.2!*Especially the number of edge atoms is of great importance for the formation of

Bs-sites.?’
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To demonstrate the absence of mass transport limitations in all experiments, an Arrhenius plot was
exemplarily determined for the dehydrogenation of H12-BT using the catalyst with an optimum Pt
nanoparticle size of 2.3 nm (Figure S8). Minimum mass transport limitations are expected due to
the selection of a catalyst support material with a mean pore size of 22 nm in combination with the
use of fine powder (particle size <100 um).*® An activation energy of 182+8 kJ mol™* was derived
from the Arrhenius plot, which lies within the expected range'' and is significantly higher than
values determined for other LOHC systems in the pore diffusion limited regime and therefore
suggests that the role of the mass transport may be neglected in our study.®

Finally, continuous dehydrogenation of H12-BT was conducted in a fixed-bed lab reactor at 250 °C
to demonstrate the suitability of the herein studied catalysts (see supplementary information). For
application in a fixed-bed reactor, 2.3 nm sized Pt nanoparticles were immobilized on spherical
Al20s3 pellets instead of Al2O3 powder, which was used in semi-batch testing. At 250 °C, the 0.18
wt.% Pt/Al2Oz catalysts maintained a steady productivity of approx. 0.5 gu2 gpisurf! min™! at a
DoDH of 5% (Figure S9), which is comparable to semi-batch results (Figure 5) and to the
performance of industrial catalysts.!* No side product formation was observed, while minor
quantities of fluorene species were observed at increased DoDH during semi-batch

dehydrogenation at 250 °C (Figure S10).

Discussion

The observed structure sensitivity of the dehydrogenation of perhydro (di)benzyltoluene over
Pt/Al20s catalysts features transitions between common structure sensitivity patterns (Figure 1) for
the different temperatures. This results in a pronounced dependence on the surface composition of
differently sized Pt nanoparticles (Figure 2) and vast differences in the specific kinetic limitations
for different active sites e.g., corners, edges, terraces. Here, the conversion of intermediates on the
surface and particularly the desorption of aromatic products are expected to induce the distinct
structure sensitivity, which becomes most evident at low temperatures. The desorption of (partially)
dehydrogenated aromatic species is assumed to be the rate limiting step during dehydrogenation.**-
42 Sinfelt et al. identified the desorption of toluene as the rate-determining step during

dehydrogenation of methylcyclohexane on Pt-based catalysts.** The adsorption strength of

aromatic species on the surface of noble metals was found to be generally higher than the one of
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their aliphatic counterparts.*>**7 Consequently, (partially) dehydrogenated aromatic species are
expected to undergo a stronger adsorption on the active sites of the catalyst when compared to the
hydrogenated LOHC molecules. As the strength of the molecular interaction with the active sites
depends not only on the nature of the molecule i.e., aromatic or aliphatic, but also on the quality
and quantity of involved surface atoms, the structure and nanoparticle size of the supported catalyst
plays an important role. At lower reaction temperatures, the energy barrier for product desorption
is more difficult to overcome and the different adsorption strengths of active Pt sites become more
evident. The resulting amplified structure sensitivity is then a result of a drastically decelerated
kinetics on Pt nanoparticles at low reaction temperatures, which can only be overcome by optimum
surface composition for a certain nanoparticle size. DFT simulations by Moro Ouma et al.** on the
adsorption of H18-DBT on different active sites support this hypothesis. The group examined the
adsorption behavior of various isomers on ideal cuboctahedral Pt nanoparticles. The adsorption
energy on different surface atoms strongly depends on their coordination and contributes to the
electronic effects of structure sensitivity. A strong adsorption of H18-DBT was reported on low
coordinated corner and edge atoms (adsorption energies 190-278 k] mol!), while a weaker

adsorption was found for higher coordinated terrace atoms (150-166 kJ mol™).

Certain similarities may be identified for both LOHC systems for the studied temperature ranges
(Figure 4 & 5). The dehydrogenation of H12-BT only deviates from that of H18-DBT at the highest
studied temperature of 240 °C, at which the largest Pt nanoparticle sizes outperform the smaller
ones, potentially because the reaction becomes structure insensitive at higher temperatures. This
may also be the case for the dehydrogenation of H18-DBT at temperatures exceeding 310 °C. The
major causes of limitation, resulting in a structure sensitive dehydrogenation, can be generalized
for small nanoparticle sizes below 2.3 nm, an optimum size range of 2.3 to 2.7 nm, and larger
nanoparticles (Figure 6). The combination of low dehydrogenation temperatures (H18-DBT:
250 °C; H12-BT: 220-230 °C) and small nanoparticle sizes (<2.3 nm) results in a low activity due
to the high adsorption energy of the (partially) dehydrogenated LOHC species on the exposed
active sites. At a reaction temperature of 280 °C for H18-DBT and 240 °C for H12-BT, no such
desorption limitation is observed. In turn, less pronounced structure dependencies occur for both

LOHC:s.
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Figure 6: Proposed origin of the low temperature structure sensitivity of the dehydrogenation of H18-DBT or
H12-DBT using Pt depending on the nanoparticle size range.

A certain range of nanoparticle sizes (2.3-2.7 nm) leads to improved activities for both LOHC
molecules, which can be linked to optimum surface compositions for an efficient dehydrogenation
reaction (Figure 6). This size range provides the ideal ratio between corner and edge atoms. To
illustrate this size dependent change in surface composition, the proportion of different types of
surface atoms i.e., corners, edges and terraces, for the size range considered in this work is
calculated using mathematical models for an ideal cuboctahedral nanoparticle (Figure 2).2%!*¢ For
Pt nanoparticles with a mean volumetric size of 2.0 nm, low coordinated corner and edge atoms
represent more than 51% of all surface atoms.?!*®#? This surface composition is also suitable to
form a high fraction of Bs-sites which can be an example for highly efficient surface structures for
LOHC dehydrogenation. When comparing the optimum Pt nanoparticle sizes for both, H12-BT
and H18-DBT dehydrogenation, a smaller value (2.3 nm) was identified for H12-BT than for
H18-DBT (2.6 nm). This observation is possibly related to the smaller size of the Hx-BT molecule

(~1 nm), whereas Hx-DBT exhibits an approximate size of 1.4 nm.*

For large Pt particle sizes (>2.7 nm), the relative contribution of terrace atoms at the surface

increases (Figure 2).2! Hence, the intrinsic activity of a large fraction of surface atoms is reduced,

16



which restricts the overall dehydrogenation rate at low reaction temperatures (H18-DBT: 250 °C;
H12-BT: 220-230 °C). Expectedly, increasing the temperature enhances the kinetics of the
dehydrogenation at terrace sites (Figure 6). For the dehydrogenation of H12-BT, slightly higher
activities are observed for large nanoparticles at the highest temperature of 240 °C. This points

towards a structure insensitivity of the dehydrogenation at even higher temperatures.

The identified structure dependence illustrates one important aspect in catalyst development for
hydrogen release from LOHC systems, which aims for maximum H> release and a selectivity of
ideally 100%. For operation at low temperatures, optimization of the Pt nanoparticle size is
inevitable to overcome the identified kinetic limitations for the different size regimes (Figure 6).
While operation at elevated temperatures may suppress such limitations, the high intrinsic activity
of low coordinated Pt atoms may cause the formation of fluorene derivatives as side products of a
consecutive “deep” dehydrogenation of HO-LOHC.>**° Hence, the optimum operation
temperature window for technical LOHC dehydrogenation is limited on the lower end by slow and
structure sensitive kinetics and at the higher end by enhanced formation of side products. To
suppress the latter, selective poisoning of the Pt surface by sulphur has been successfully
demonstrated, but is also detrimental to the overall activity of the catalyst.’!"> In consequence, a
combination of large Pt nanoparticles with a large contribution of terrace sites, selective poisoning
of the low coordinated atoms, and high operation temperatures currently represents the best
technical solution, but leaves room for a further developments targeting enhanced Pt-based

productivity.

Summary and conclusions

In this study, the structure sensitivity of the dehydrogenation of the LOHC molecules H18-DBT
and H12-BT was investigated for different reaction temperatures. For the dehydrogenation of H18-
DBT, experiments at 280 and 250 °C were carried out and compared to previous investigations at
310 °C. For H12-BT, the temperature range between 220 and 240 °C was considered. It was shown
that the structure sensitivity is amplified at lower temperatures in both cases. For H18-DBT, a
maximum of the specific, initial productivity was found at a mean volumetric Pt nanoparticle
diameter of 2.6 nm, while a diameter of 2.3 nm proved best for H12-BT. The difference in the

optimal Pt particle size is probably due to the different molecular dimensions of Hx-DBT and Hx-
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BT. At the lowest reaction temperature considered, the initial surface specific productivity for a
catalyst with the optimum Pt nanoparticles size is 3.5 and 1.9 times higher for H18-DBT and H12-
BT, respectively, compared to a catalyst with 2.0 nm Pt nanoparticles. Overall, the
structure-sensitive nature of the dehydrogenation reactions at these temperatures was attributed to
different desorption properties and a site-specific intrinsic activity, which results in a variety of
Kinetic limitations. Larger nanoparticles provide a smaller fraction of low coordinated surface
atoms, which are associated with strong adsorption energies, particularly of the aromatic
intermediates and products. Hence, the lower share of such sites in large nanoparticles facilitates
the desorption of the aromatic dehydrogenation products. However, a low activity is observed for
low temperatures due to the lower intrinsic activity of such terrace sites. At the optimal size, the
nanoparticles exhibit an intermediate proportion of edge atoms and a suitable composition for the
formation of active Bs-sites. Taking these findings into account, the efficiency of catalysts for low
temperature LOHC dehydrogenation processes can be drastically improved as shown in this

contribution.
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