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Abstract o 10105 SRS
Storage 1in liquid organic hydrogen carriers (LOHCs) constitutes a safe and
infrastructure-compatible way to transport and handle hydrogen. To date, widely studied
LOHC-systems are often differentiated into nitrogen-containing systems, such as
N-ethylcarbazole (HO-NEC)/perhydro-N-ethylcarbazole (H12-NEC), or heteroatom-free
LOHC systems, such as toluene/methylcyclohexane, benzyltoluene (HO-BT)/perhydro-
benzyltoluene (H12-BT) and dibenzyltoluene (HO-DBT)/perhydro-dibenzyltoluene
(H18-DBT). In this contribution we introduce the oxygen-containing LOHC system
benzophenone/dicyclohexylmethanol, a system that is characterized by an excellent hydrogen
storage capacity of 7.19 mass% or 2252 Wh/L. We herein demonstrate that benzophenone
(HO-BP) can be selectively and completely hydrogenated to dicyclohexylmethanol (H14-BP,
perhydro-benzophenone) over Ru/Al,O; catalysts at 50 bar hydrogen pressure and temperatures
in the range of 90 to 180 °C. Hydrogen can be released from H14-BP using Pt-based catalysts
to form HO-BP at temperatures of 250 °C. Depending on the catalyst support, undesired
dehydration to diphenylmethane may become relevant with acidic supports favoring
dehydrative water removal from the molecule. Most remarkably, Cu-based catalysts, such as
the well-known commercial methanol synthesis catalyst, show excellent activity in the selective
transformation of H14-BP to dicyclohexylketone (H12-BP) at surprisingly mild conditions.

This enables hydrogen release of 1/7 of the stored hydrogen at temperatures as low as 170 °C.

Keywords:
LOHC systems, hydrogen storage, benzophenone, dicyclohexylmethanol, dehydration,

copper-zinc
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1' IﬂtrOductiOH DOI: 10.10\3/576/;@;513?&;
A future sustainable and fully defossilized energy system can only be achieved if renewable
sources, such as solar, wind and hydropower, are coupled with large-scale and long-term energy
storage technologies. These can compensate for fluctuations in energy availability, which are
typically associated with renewable sources, and facilitate transport from locations with high
energy harvesting potential to locations with high energy demand. One concept for energy
storage is the utilization of surplus energy for water electrolysis, yielding oxygen and green
hydrogen.[!] At suitable times and locations, the stored energy can be released, e.g. in a fuel
cell, where the stored hydrogen and oxygen from air react back to water in a cold combustion
process to produce electrical power. However, the storage and transport of molecular hydrogen

is not a trivial task, as the established physical storage technologies, such as high pressure or

liquefaction, require new and costly logistics infrastructure.>=

These challenges may be addressed by methods of chemical hydrogen storage. Among those,
liquid organic hydrogen carriers (LOHCs) are characterized by the fact that a fuel-like organic
molecule is charged with hydrogen in an exothermal catalytic hydrogenation reaction. After
storage and transport of the hydrogenation product, hydrogen can be released on demand.[>4-]
The resulting LOHC-systems thus consist of a pair of organic molecules, the hydrogen-lean
form of the system and the hydrogen-rich form of the system. For systems with more than one
aromatic group in their hydrogen-lean LOHC compound, also partially hydrogenated molecules
form part of the respective LOHC system and these intermediates are in many systems

important for melting point depression. It is an important aspect of all LOHC technologies that

Published on 01 February 2023. Downloaded by KIT Library on 2/1/2023 7:52:59 AM.

existing infrastructure from traditional fossil fuel-based energy distribution technologies may
be reused, at least to some part, to reduce infrastructure cost for establishing a future green

hydrogen economy.[!:3-4]

Table 1 compares well-studied LOHC pairs by giving important physico-chemical
characteristics of the hydrogen-lean compound. Besides the hydrocarbon systems based on
toluene, benzyltoluene (HO-BT) and dibenzyltoluene (HO-DBT), the nitrogen-containing
LOHC system based on N-ethylcarbazole (HO-NEC) has been investigated in detail.l%]
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Table 1: Melting point 7,,, boiling point 7, hydrogen capacity, liquid density p angd enthalpy:s e
of hydrogenation at 25 °C of four well-studied, hydrogen-lean LOHC compounds: toluene,
benzyltoluene (HO-BT), dibenzyltoluene (HO-DBT), N-ethylcarbazole (HO-NEC) and

benzophenone (HO-BP).

LOHC T, [°C] T, [°C] H; capacity | p [g cm?3] AH
[mass%] [kJ mol(H,)]
Toluene | - 95(°] 111fel 6.16 0.872[6] - 6851
HO-BT - 3071 280171 6.22 1.002 [8] - 63181
HO-DBT | -39 to - 34071 | 39017] 6.24 1.04a [8] - 65181
HO-NEC | 687 2707 5.83 1.06" [] - 5003
aat 20 °C bat75°C
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The given properties should be shortly discussed with regard to their relevance for a real-life
high performance hydrogen storage technology: i) A low melting point enables operation of the
LOHC storage system at cold temperatures without storage tank heating; ii) high boiling
temperatures of the hydrogen-lean LOHC compounds make purification of the released
hydrogen by simple condensation of the LOHC vapor much easier; iii) high hydrogen capacity
allows to ship a given mass of hydrogen in a smaller mass of LOHC; iv) high LOHC density
enables higher volumetric storage density at the same mass-based hydrogen capacity; v) low
enthalpy of hydrogenation enables dehydrogenation at lower temperatures which is a very
relevant point as the endothermal hydrogen release requires heat input and lower

dehydrogenation temperatures facilitate heat integration and reduce heat losses.

Compared to its pure hydrocarbon counterparts, the nitrogen-containing LOHC system based
on HO-NEC bears the advantage of a significantly lower heat of dehydrogenation (Table 1).1-1]
The system has, however, the disadvantage of lower compatibility with the fuel infrastructure

(N-containing fuels are hardly used today), higher toxicity,!!!! and lower thermal stability.[>-10]

In contrast, the handling of oxygen-containing organic compounds in the fuel infrastructure is
well known. Examples include the biofuel components ethanol, fatty acid esters (biodiesel) and
methyl-tert-butylether that is used as anti-knock agent. It is, therefore, somewhat surprising that
oxygen-containing LOHC systems have not been investigated so far. Among the few exceptions

are theoretical studies in the academic and patent literature.l'>13 Moreover, the LOHC system
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acetone/isopropanol has been recently described for direct electrochemical hydrogen utilizatidi s oo

using direct organic fuel cells.!4-17]

Herein, we show that oxygen-containing LOHC systems offer indeed exceptionally high
hydrogen storage capacities, very attractive low-temperature hydrogen release performance and
very attractive features for potential technical applications if oxygen-functionalities and
cycloalkyl/aromatic moieties are combined in their molecular structure. We exemplify this
structural concept for the LOHC system benzophenone (HO-BP)/dicyclohexylmethanol
(H14-BP) as shown in Figure 1.

0 OH
HO-BP Rk H14-BP

hydrogen capacity= 7.19 mass%
i.e. 2.39 kWh/kg; 2252 Wh/L

Figure 1: Hydrogen storage in the LOHC system benzophenone/dicyclohexylmethanol.

The storage cycle involves 7 hydrogen molecules of which one is provided by the
dehydrogenation of the secondary alcohol function and six are provided by the dehydrogenation
of the two cyclohexyl rings. In total, a hydrogen storage capacity of 7.19 mass% is realized
which is 17% higher than that of methylcyclohexane, H12-BT and H18-DBT, and even 23 %
higher than that of HI2-NEC. Looking at the volumetric storage density, the high liquid density

Published on 01 February 2023. Downloaded by KIT Library on 2/1/2023 7:52:59 AM.

of H14-BP (density at 60 °C is 0.94 g/mL)[!8] increases this capacity advantage even further.
Liquid H14-BP carries 2252 Wh/L compared to 1507 Wh/L for methylcyclohexane, 1760 Wh/L
for H12-BT, 1848 Wh/L for H18-BT and 1774 Wh/L for HI12-NEC (all data compared at
60 °C).

Note that the melting points of both benzophenone and dicyclohexylmethanol are 48 and 58 °C,
respectively. Thus, handling these LOHC compounds in pure form requires some heating of the
tank system. Alternatively, these LOHC compounds may be handled at lower temperatures as
liquids in form of eutectic mixtures, e.g. with other LOHC compounds. This concept of melting
point suppression has been in the past very successfully applied for HO-NEC (a compound
melting equally at 58 °C). Here it has been found that mixtures with other N-alkylcarbazoles
provide melting points below room temperature. Similar concepts may be applicable for the

here described HO-BP/H14-BP LOHC system.
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Prior to such technical fine tuning, it is important, however, to show firgt that-the s one
HO-BP/H14-BP LOHC system can indeed serve as reversible hydrogen storage system. For this
purpose, hydrogenation and dehydrogenation kinetics studies and stability investigations are
required. These investigations are reported in this contribution. Most remarkably, we found that
1/7 of the hydrogen stored in H14-BP is very easily released at very mild conditions with the
help of a technical Cu-based catalyst. This finding enables interesting start-up options for

providing hydrogen from the described LOHC system in more flexible manner.

2. Experimental

2.1.  Materials

Benzophenone (HO-BP, 99%, Sigma Aldrich, B9300) was used as received. Cyclohexane
(>99.8%, 1.00667.1000, Merck) and acetone (>99.8%, 34850, Sigma Aldrich) were used as
solvents for the LOHC compounds and reaction mixtures to avoid solidification after cooling
to room temperature. All catalysts applied in this work were purchased from commercial
sources: Ru/Al,O3 (5 mass%) from Sigma Aldrich (LOT: 439916), Pt/C (5 mass%) from Sigma
Aldrich (LOT: 205931), Pt/Al,0; (0.3 mass%, FEleMax DI101) from Clariant, and
Cu0O/Zn0O/AL,05 (50.9 mass% Cu) from Alfa Aesar (LOT: 1062036).

2.2.  Hydrogenation

The hydrogenation of HO-BP was carried out in a 300 mL alloy C-276 autoclave (Parr
Instrument). The autoclave was equipped with a gas entrainment impeller, thermocouple, argon
line, internal cooling coil, rupture disk and a liquid phase sampling line with a filter. A
perfluoroelastomer (FFKM) sealing ring was used due to its high chemical resistance against
(partially) hydrogenated and aromatic benzophenone species (Hx-BP) as well as (partially)
hydrogenated and aromatic diphenylmethane (Hx-DPM) species.

In a typical experiment, the autoclave was charged with 164 g HO-BP and 1.82 g Ru/Al,0;,
which corresponds to a LOHC:Ru molar ratio of 1000:1. The reactor was purged three times
with argon (3 bar) and then heated up to 90 °C under continuous stirring at 425 rpm. The stirring
rate was increased to 1200 rpm after adding hydrogen pressure of 50 bar at the desired
hydrogenation temperature to ensure contact between catalyst, reactant and the gas phase. The
reaction was carried out in semi-batch mode under constant pressure. Liquid samples were
acquired via the sampling line every 30, 60 or 120 min depending on the reaction time.

Approximately 0.2 mL of the effluent liquid from the sampling line were discarded to avoid
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contamination with the previous sample. Afterwards, approximately 0.05 mL werg ¢olleeted:s ~ne

for the off-line GC analysis.

After full hydrogenation was reached as confirmed by GC analysis, the H14-BP was dissolved
in cyclohexane, filtered to remove the catalyst from the solution and transferred into a flask.
The cyclohexane was removed in a rotary evaporator at 60 °C and a pressure of 80 mbar
yielding H14-BP with a purity of approximately 98% according to GC analysis (1.7 mass% of
H12-DPM being the major impurity).

2.3.  Dehydrogenation

H14-BP was dehydrogenated in a stirred 100 mL semi-batch glass apparatus equipped with a
heating mantle. Temperature control was achieved with a type K thermocouple inside the
reaction mixture connected to a fitron 4 TP temperature controller (Fiege electronic). A
custom-made stainless steel tube connected to the glass flask allowed the addition of pre-filled
catalyst at reaction temperature while keeping the apparatus isolated from the ambient
environment. The reaction mixture as well as the catalyst in the tube were overflown by
200 mL min-!' argon using an EL-FLOW Prestige mass flow controller (MFC; Bronkhorst). A
reflux condenser (15 °C) mitigated discharge of volatile organic compounds through the gas
phase. Argon flow and temperature were controlled by the Flow View software (Bronkhorst,

V1.23) and a custom-built fitron TP software (V1.0.2b), respectively.

In a typical dehydrogenation reaction, 29.75 g H14-BP (purity 98%, corresponding to 0.15 mol)

were heated up under argon while stirring at 500 rpm with a magnetic bar. Upon reaching the

Published on 01 February 2023. Downloaded by KIT Library on 2/1/2023 7:52:59 AM.

desired reaction temperature, the catalyst tube was opened to add the pre-weighed catalyst to
the reaction mixture. Liquid samples were extracted by a syringe puncturing a septum on the
glass apparatus and filtered through a syringe filter with a pore size of 0.20 um. Samples were
taken immediately after the start of the reaction and every 30 or 60 min depending on the

reaction time.

2.4.  Gas chromatography analysis of liquid samples and calculation of liquid-phase molar

fractions and product selectivities

All samples taken to monitor the reaction progress in both, hydrogenation and dehydrogenation,
were analyzed via GC. For this purpose, the sample was diluted with acetone and analyzed in

a Trace 1310 gas chromatograph from Thermo Scientific with a SRxi17Sil column (30 m, inner
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diameter 0.25 mm) and detected by means of an FID. For this, 1.0 pL of the sample was injeeted:s o
and evaporated at 250 °C, whereby the split ratio was 1:150. The carrier gas was helium with a
flow rate of 1.0 mL min’'. The optimized temperature program applied to obtain good
separation of all products of either hydrogenation of HO-BP or dehydrogenation of H14-BP
included heating to 110 °C (holding time: 5 min), followed by heating with 10 °C/min to 130 °C
(holding time: 5 min), followed by heating with 5 °C/min to 145 °C (holding time: 10 min),
followed by heating with 5 °C/min to 180 °C (holding time: 0 min) and followed by heating

with 10 °C/min to 270 °C (holding time: 5 min).

Before and after each series of measurements, the column was purged by injecting acetone as
described above, heating the column from 100 to 300 °C within 2 minutes with a holding time
of 5 minutes. All chromatograms were displayed by the Thermo Xcalibur Qual Browser
software (version 4.0.27.19). The molar fraction n;/n,,, of each reactant or product in the liquid
phase was calculated from its integral 4; and its molar mass M; using a calibration factor f;
(Equation (1)). The selectivity towards a product i was calculated from its molar fraction and
the molar fraction of reactant H14-BP in the liquid phase (Equation (2)).
Aifi
n; M;
Mot Ajf j (1)

N¢ot

NH14 — BP (2)

Ntot

The identity of all compounds detected in the GC was confirmed using mass spectrometry (MS)
ensuring inclusion of all relevant isomers. The corresponding MS data can be found in the ESI
(Table SI-1). All relevant reaction intermediates and (side) products as well as the used

abbreviations are summed up in Table 2.
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Table 2: Structures and abbreviations for all relevant reaction intermediates and (sidg) producis:s oo
in the hydrogenation/dehydrogenation of HO-/H14-BP.

EO01750D

Compound name Structure Abbreviation
0
Benzophenone [’:; TS HO-BP
0
Cyclohexylphenylmethanone E:“v/“ ~ ‘“J Ho6-BP
cfn
Cyclohexylphenylmethanol i“‘“’” Y HS8-BP
8]
Dicyclohexylketone r”““v"u“-f”‘j H12-BP
OH
Dicyclohexylmethanol r*"‘“‘]”l\[""‘“- H14-BP
“\-\.\_H,-' -\.\_v_.‘J
. R -
Diphenylmethane . :If [:ﬂ HO-DPM
Cyclohexylmethylbenzene H:H | H6-DPM
T
Dicyclohexylmethane j H12-DPM

3. Results and discussion

3.1.  Selective hydrogenation of HO-BP

The catalytic hydrogenation of HO-BP proceeds via three different hydrogenation pathways that

are displayed in Figure 2. In pathway (1), the keto functionality is first hydrogenated to the

secondary alcohol followed by hydrogenation of the two aromatic rings to the final product

H14-BP. Alternatively (2), the hydrogenation of the two aromatic rings can proceed first and

the ketone hydrogenation as the last step. The third way (3) includes the hydrodeoxygenation

(HDO) of HO-BP as first step, which represents a well-known reaction from the literature.['%]

The so-obtained diphenylmethane (HO-DPM) is then hydrogenated to dicyclohexylmethane
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(H12-DPM). Note, that HDO is an unwanted side reaction in the HO-BP/H14-BP storage ¢gclecs e
as the HDO of one HO-BP molecule consumes two mols of hydrogen, one for the water
formation and one for the saturation of the carbon structure of the Hx-BP. As indicated in Figure
2 by the dotted lines, HDO can occur from every Hx-BP intermediate as well as from the H14-
BP product. This reaction has to be suppressed by the right choice of catalyst and reaction

conditions to enable efficient hydrogen storage and release.

H2-BP H8-BP H14-BP

Lofo~ofo—o'c
oo oy

Ho-BP He-BP | . H12-BP | . .
dai \\\\db dai \\\db dai
V A V \ v
—JO0O—0U U
HO-DPM H6-DPM H12-DPM

Figure 2: Reaction network in the catalytic hydrogenation of HO-BP to the desired product
H14-BP; (1) pathway where ketone hydrogenation proceeds first; (2) pathway where aromatic
group hydrogenation proceeds first; (3) pathway where the undesired hydrodeoxygenation
proceeds first; possible connections between the pathways are indicated by dotted lines.
Hydrogen and product water have been omitted for clarity.

For our hydrogenation studies we selected three commercial catalyst materials, namely,
Ru/Al,05, Pt/C and Pt/Al,O;. The hydrogenation experiments were initially carried out at
180 °C and a hydrogen pressure of 50 bar in a batch reactor. The detailed product distributions
as a function of reaction time can be found in the Electronic Supplementary Information (ESI)
for each catalyst under investigation (Figure SI-1 to SI-3). Figure 3 shows the final yields of
H12-BP, H14-BP and H12-DPM after the total reaction time of 24 h. It is seen that for all three
catalyst systems under investigation, the formation of H12-DPM is significant, for Pt/C the
reaction even shows a high selectivity for this undesired pathway. Note, that the sum of yields
for H12-BP and H14-BP was >97% only in the case of Ru/Al,O; and Pt/C. The hydrogenation
of HO-BP with Pt/Al,0; was quite slow, in contrast, with only 60% combined yield of H12-BP
and H14-BP after 24 h reaction time.
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Ru/Al,O, PYALO, Pt/C

Figure 3: Liquid phase molar product fractions of H12-BP, H14-BP and H12-DPM after
hydrogenation of HO-BP for 24 h at 180 °C and 50 bar H, with different catalysts; further
conditions: HO-BP:metal = 1000:1.

As the Ru-based catalyst showed the highest selectivity to the desired hydrogenation product
H14-BP, this catalyst was selected for a further optimization of the reaction conditions.
Therefore, the reaction temperatures were varied between 90 and 180 °C, while maintaining a
constant hydrogen partial pressure of 50 bar. The detailed product distributions as a function of
reaction time can again be found in the ESI (Figure SI-4 to SI-6). Figure 4 shows the molar
fractions of the main products H14-BP, H12-BP and H12-DPM after 24 h reaction time.
Notably, the reaction temperature has a strong effect on the obtained selectivity. While the
undesired, deoxygenated compound H12-DPM represents about a third of the product mixture
at 180 °C, its molar fraction declines significantly with lower temperatures indicating a higher

Arrhenius activation energy of HDO compared to the catalytic hydrogenation reaction.

Published on 01 February 2023. Downloaded by KIT Library on 2/1/2023 7:52:59 AM.

Interestingly, the selectivity for the desired H14-BP reaches 98% at a reaction temperature of
90 °C demonstrating the feasibility of a highly selective HO-BP hydrogenation unleashing the
full potential of the high hydrogen storage capacity of >7 mass%.
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Figure 4: Liquid phase molar product fractions of H12-BP, H14-BP and H12-DPM after
hydrogenation of HO-BP for 24 h at various reaction temperatures and 50 bar H,; further
conditions: 5 mass% Ru/Al,O;, HO-BP:metal = 1000:1.

3.2.  Dehydrogenation of H14-BP

The catalytic dehydrogenation of H14-BP may also proceed via three routes as shown in Figure
5: A first dehydrogenation pathway (1) involves dehydrogenation of the secondary alcohol
function as the first step. Alternatively, the dehydrogenation of the two cyclohexyl rings
proceeds first (2). Dehydration to form oxygen-free LOHC species is the first step in the third
pathway (3). Again, dehydration is a possible path for each of the formed Hx-BP species and
every mole of Hx-BP that liberates water reduces the hydrogen yield by two moles of hydrogen.
Possible side reactions of the components in the reaction mixture involve formation of aldol
condensation products (by addition of H14-BP and H12-BP) and deep dehydrogenation to
fluorenol or fluorenone. Aldol condensation, however, is rather unlikely due to the steric

shielding of the oxygen-functionalities in Hx-BP.[20]
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H10-DPM H14-BP H12-BP View Article Online
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Fluorenol
Fluorenone

Figure 5: Potential reaction sequences in the catalytic dehydrogenation of H14-BP to the
desired product HO-BP: (1) pathway where alcohol dehydrogenation proceeds first; (2) pathway
where cyclohexyl group dehydrogenation proceeds first; (3) pathway where the undesired
dehydration proceeds first; possible further connections between the pathways by dehydration
of other Hx-BP species as well as hydrogen and product water have been omitted for clarity.

In our catalytic studies, the dehydrogenation of H14-BP was first tested at 230 °C using
Ru/Al,O5 (Figure 6) as its activity for hydrodeoxygenation and dehydration has been found low
in the hydrogenation experiments. Interestingly, a selectivity of 96% to H12-BP was achieved.
Only traces of H12-DPM and H6-DPM (below 2%) were detectable, but also no formation of
any aromatic product was observed. The rate of H12-BP formation was quite high, leading to a

molar fraction of 56% after 5 h.

-
o
| |

1 2 3 4 5
time [h]

o,

Figure 6: Liquid phase molar fractions of reactant and products in the dehydrogenation of
H14-BP at 230 °C wusing 5 mass% Ru/Al,Os; further conditions: 0.15 mol H14-BP;
200 mL min-! argon flow, 0.15 mmol Ru; H14-BP (m) and H12-BP (#).
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In the next step, Pt/AL,O; (Figure 7a), which is the most commonly used catalyst forsthe s one
dehydrogenation of HI18-DBT and H12-BT,[?!26 was applied. For comparison, Figure 7b
shows the same experiment with a commercial Pt/C catalyst to highlight reactivity differences

caused by the nature of the catalyst support material.

10 = 10l =
a) b) m
08 = 0.8} ",
- | |
50.6} - 50.6} .
E [ | E
< 0.4¢ - S 0.4]
0.2 “ m 0.2+
0.0te»ewr ¥ ¥ ¥ oolesxss ¥ ¥ I
0 1 2 3 4 5 0 1 2 3 4 5
time /h time /h

Figure 7: Liquid phase molar fractions of reactant and products in the dehydrogenation of
H14-BP at 230 °C using a) 0.3 mass% Pt/Al,O; and b) 5 mass% Pt/C; further conditions:
0.15 mol H14-BP; 200 mL min-!' argon flow; H14-BP (m), H12-BP (¢), H8-BP (A ), H6-BP
(V), H12-DPM (<), H6-DPM (¢), HO-DPM (»).

The comparison shows that the main reaction over both catalysts is indeed the dehydrogenation
of the hydroxyl group to the corresponding ketone H12-BP. This reaction is responsible for
hydrogen release from oxygen functionalized LOHCs under mild conditions and proceeds
faster over Pt/Al,O; than over Pt/C. Regarding further ring dehydrogenation, the formation of
H6-BP is observed to some extent with Pt/C, but insignificantly with Pt/Al,O;. As little to no
H8- and H2-BP are observed, reaction pathway (1) (Figure 5) is assumed to be dominant. The
undesired dehydration (pathway (3), Figure 5), however, appears primarily with the alumina
supported Pt catalyst as indicated by the significant formation of H6-DPM. The splitting off of
the oxygen functionality therefore most probably takes place via dehydration followed by rapid
hydrogen rearrangement and ring dehydrogenation. This reaction sequence occurs
competitively to the desired dehydrogenation. For Pt/Al,O3 also the formation of H12-DPM 1is
observed showing that dehydration followed by hydrogenation is a possible reaction sequence
that consumes two moles of the produced hydrogen per mole of H12-DPM formed.

Based on the identified intermediates and products with these two Pt catalysts, the reaction
sequence may be simplified (Figure 8) taking into account that ring dehydrogenation prior to
ketone formation is irrelevant. All reactions are assumed to be reversible, except for the

deoxygenation of H14-BP to H6-DPM.
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Figure 8: Identified main reaction pathways in the catalytic dehydrogenation of H14-BP with
Pt/Al,05 and Pt/C; hydrogen and product water have been omitted for clarity.

Other noble metal catalysts (Pd, Ir, Rh) were tested as well, but only showed minor activity (see
ESI Figure SI-7). To our great surprise, we found that the commercial methanol synthesis
catalyst, CuO/ZnO/Al,Os3, is an excellent catalyst for the selective dehydrogenation of H14-BP
to H12-BP. The catalyst outperforms by far all applied precious metal systems, although the Cu
to LOHC molar ratio was higher (1:60) than in the case of Pt or Ru (1:1000) reflecting the much
lower price of Cu vs. the applied precious metals. Already after 30 min reaction time, the
remaining molar ratio of H14-BP was below 5% with almost 100% selectivity to H12-BP

formation (Figure 9).
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Figure 9: Liquid phase molar fractions of reactant and products in the dehydrogenation of
H14-BP at 230 °C using CuO/Zn0O/Al,03; further conditions: 0.15 mol H14-BP; 200 mL min'!
argon flow, 2.5 mmol Cu; H14-BP (m) and H12-BP (¢), H6-DPM (¢).
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3.3.  Temperature influence on dehydrogenation of H14-BP over CuO/ZnO/ALQ; | | Ve Atce onne

39/D2SE01750D
In order to study the highly interesting catalytic activity of CuO/ZnO/Al,O3 in H14-BP
dehydrogenation in more detail, we performed a temperature variation study with this catalyst

in the range between 150 and 210 °C and more frequent sampling.

1,0 < 1.0F
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Figure 10: a) Liquid phase molar fractions of H12-BP over reaction time and b) selectivity
towards H12-BP as a function of H12-BP concentration in the dehydrogenation of H14-BP
using CuO/Zn0O/Al,O; at various temperatures: 0.15 mol H14-BP; 200 mL min-!' argon flow,
2.5 mmol Cu.

Remarkably, significant dehydrogenation activity is obtained even at a temperature as low as
150 °C. At only 170 °C, full dehydrogenation to H12-BP is found after a reaction time of 24 h
(see ESI Figure SI-8). However, at these low temperatures a preforming effect of the catalyst
could be observed. At 170 °C the reaction started only 10 min after catalyst addition, while at
150 °C no reaction progress was observed until 40 min after the start of the experiment. This
hints toward a self-activation of the catalyst at the reaction start. The catalytic dehydrogenation
of H14-BP exhibited excellent selectivities in the investigated temperature range (Figure 10b).
Only at very small HI2-BP concentrations (i.e. low reaction progress), the selectivity
determination was influenced by impurities in the reactant H14-BP (especially H12-DPM).
However, at higher HI12-BP yields the selectivity exceeded 95%. No other products than
H12-BP and Hx-DPM (less than 1 % of all products) were found in the product mixture.

3.4.  Temperature influence on dehydrogenation of H14-BP over Pt/C

Because no sign of the desired formation of H6-BP and HO-BP was found using the
CuO/Zn0O/Al,05 catalyst, we continued our experimental studies by a variation of reaction

temperature with the Pt/C catalyst, the catalyst system with the most promising selectivity in
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the dehydrogenation reaction of H14-BP. The temperature variation was carried out jn the pange:s -
from 220 to 250 °C (Figure 11).

Detailed plots of all reaction products over time are shown in the ESI (Figure SI-9). Here we
focus on a comparison of the two main reaction pathways shown in Figure 8, dehydrogenation
to Hx-BP compounds and dehydrogenation combined with hydrodeoxygenation leading to
Hx-DPM compounds. It is noteworthy, that the evolution of the dehydrogenation products
follows the expected temperature dependent first-order type kinetics while the evolution of the
deoxygenated products increases in an almost linear manner at all investigated temperatures.
Therefore, it is possible to identify reaction times where a high degree of dehydrogenation still
goes hand-in-hand with moderate hydrodeoxygenation. For the case of the experiment at

250 °C this t,,, is 1 h and the optimum ration of productsgehydr. / Productsgehydr+hydrodeoxy. Was

found to be 6.99.
°C
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Figure 11: Temperature variation in the H14-BP dehydrogenation with Pt/C (5 mass%):
a) combined liquid phase molar fractions of the dehydrogenation products HO-BP, H2-BP,
H6-BP, H8-BP, H12-BP; b) combined liquid phase molar fractions of the dehydrogenation +
hydrodeoxygenation products HO-DPM, H6-DPM, H12-DPM; conditions: 0.15 mol H14-BP,
200 mL min-!' argon. Dashed lines represent a linear fit to guide the eye.

3.5. Thermodynamics considerations for the dehydrogenation of H14-BP

Dehydrogenation of H14-BP comprises two types of hydrogen release reactions: the
dehydrogenation of a secondary alcohol forming a ketone and the dehydrogenation of alicyclic
rings forming aromatic rings. While thermodynamics of the latter step are similar to the
dehydrogenation of conventional LOHCs, such as methylcyclohexane or
perhydro-benzyltoluene, dehydrogenation of the secondary alcohol function is characterized by

somewhat different thermochemical parameters. Enthalpy of reaction for liquid phase reaction
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is basically the same, within the margin of uncertainty, for both reagtion  types:s e

(+68.1 kI mol''(H,) for HI4-BP > HI2-BP compared to +67.6kJmol!(H,) for
H12-BP - HO-BP; data estimated using the method by Domalski and Hearing[*3]).

The experimental observation that H12-BP is preferably formed in the reaction, while reaction
products with dehydrogenated rings are far less prominent in the reaction mixture, is consistent
with the thermochemical properties of the respective reactions. Dehydrogenation of the
secondary alcohol is thermodynamically more favorable in the open, two-phase system of the
experiments described above. However, the fact that dehydrogenation of rings is primarily
observed for molecules with a carbonyl group rather than with a hydroxyl group should not be
attributed to thermodynamics, but rather to a kinetic effect in the catalytic reaction. The reaction
system has not reached equilibrium and a certain share of those molecules that undergo
dehydrogenation of the alcohol can directly undergo ring dehydrogenation, while being

adsorbed onto the catalyst surface.

4. Conclusion

The potential of HO-BP/H14-BP as novel LOHC system has been investigated. We
demonstrated that the full hydrogen storage capacity of 7.19 mass% can be realized by
hydrogenation of benzophenone at 90 °C and 50 bar of hydrogen using Ru/Al,O; as catalyst.
While the hydrogenation reaction with Ru/Al,O5 yielded H14-BP with a selectivity exceeding
98%, the same reaction with Pt/C and Pt/Al,0; showed undesired hydrodeoxygenation to a

significant extent.

The hydrogen release reaction from H14-BP includes the thermodynamically favored formation
of the H12-BP ketone with release of one mole of hydrogen per mol of H14-BP. This reaction
can proceed in a highly selective manner with Ru/Al,O3 and CuO/Zn0O/Al,05. The alcohol
dehydrogenation was found to be very fast with CuO/ZnO/Al,0; showing significant activity
down to 150 °C and complete conversion and full yield of H12-BP within less than 30 min.
This very active reaction may open pathways for low temperature partial dehydrogenation of
H14-BP or two-step dehydrogenation sequences. Only the use of Pt catalysts, however, showed
significant dehydrogenation of the alicyclic rings of H14-BP enabling full release of the stored
hydrogen. Also during dehydrogenation, the loss of the oxygen-containing group by
hydrodeoxygenation is the main undesired side reaction as two moles of hydrogen are
consumed during the formation of one mole of water from any of the Hx-BP species in the

reaction system. Further catalyst development is necessary to mitigate deoxygenation especially
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during dehydrogenation to make full use of the outstanding hydrogen storage capagity, of the s “e
HO-BP/H14-BP LOHC system.
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