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Abstract

In this contribution, we propose the couple 1-Cyclohexylethanol/Acetophenone as a new
biobased and bifunctional LOHC. This material shows promises for hydrogen storage by DFT
modelling, while commercial catalysts were identified to carry out both hydrogenation and
dehydrogenation: Ru/Al,O3; was found to catalyse the complete hydrogenation of the LOHC at
115 °C in 2 h with 98% selectivity and, for the first time, Pt/C carries out the dehydrogenation
at 205 °C in 36 h with total conversion but with a limited Degree of Dehydrogenation of 72%.
The system was cycled three times during which up to 50% of the total hydrogen capacity was
exploited, stable after 3 cycles. Kinetics experiments and DFT modelling of the reactions
intermediates show that a system pairing C—O and C—C bonds is prone to degradation, due to
side-reactions initiated by the O-moiety and the reversible hydrogenation of the C=0 bond
during the dehydrogenation step.
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1-Cyclohexylethanol/Acetophenone was proposed as a new biobased bifunctional

LOHC

Full hydrogenation and dehydrogenation were achieved with heterogeneous catalysts
Energies of activation of each function was measured during the dehydrogenation

Up to 53% of the total hydrogen capacity was exploited during the cycling

DFT modelling rationalized the dehydrogenation pathway and degradation products
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TERM ACRONYM
1-Cyclohexylethanol CHEA
1-Phenylethanol PEO
Acetophenone APO
Acetylcyclohexane ACH
Acetylcyclohex-1-ene ACHN
Ethylbenzene EB
Ethylcyclohexane EC
Bis(1-cyclohexylethyl) ether 12H-ROR
Bis(1-phenylethyl) ether OH-ROR
1,3-Dicyclohexylbutanone 12H-Coupling
1-Cyclohexyl-3-phenylbutanone and 1- 6H-Coupling
Phenyl-3-cyclohexylbutanone

1,3-Diphenylbutanone OH-Coupling
Degree of hydrogenation DoH

Degree of dehydrogenation DoDH



Introduction

The massive storage of energy is a great challenge to tackle in order to favour the
implementation of renewable and intermittent energies in our energetic systems. As new
energy vectors such as H; are expected to take over fossil fuels, appropriate means of storage
need to be developed.[1-3] Of all H, storage technologies, the Liquid Organic Hydrogen
Carrier (LOHC) technology is gaining momentum as an alternative for global transport.[4] The
storage concept revolves around catalytic hydrogenation and dehydrogenation reactions using
a liquid organic molecule which can respectively store (hydrogenation) and unload
(dehydrogenation) H, molecules.[5] The chemical storage of H, equivalents onto an organic
framework reduces the risks associated with the handling and utilization of H, gas and can
increase at the same time the volumetric energy density of the energy vector. As a result,
heavy gas tanks and other devices aiming at storing H- in its pure form can be circumvented
while retaining high gravimetric and volumetric energy densities.[6] Current LOHC systems
regroup the molecules Toluene, Dibenzyltoluene, N-Ethylcarbazole and their hydrogenated
counterparts. Many other structures and their associated catalysts have been tested over the
years in order to surpass the performances of these systems.[7,8]

As a technology, the enthalpy of dehydrogenation per molecule of H is often regarded as a
make-or-break criterion to assess the energy efficiency of a LOHC system. The secondary
criteria are the gravimetric and volumetric energy densities that describe the efficiency of the
energy storage. Finally, a third criteria is the stability of the system over cycling, with a target
of 99.9% of stability per cycle, which corresponds to almost perfect cycling.[9] Early LOHC
prototypes were mainly focused on cycloalkanes/aromatics couples to limit the endothermicity
of the dehydrogenation step by harnessing the energy gain of the aromatization.[10] Two
bottlenecks limit the applications of such LOHC systems: they possess a problematic toxicity
and state-of-the art LOHC catalysts are built with platinum group metals (PGM), whose price
is detrimental to the development of the technology.

Targets for the LOHC system may vary depending on the application. The current target of the
US Department of Energy (DOE) for the enthalpy of dehydrogenation is 30-44 kJ/molH; in
order to reach an equilibrium pressure of 1 bar of hydrogen in the temperature range -40 °C to
60 °C (useful for on-board hydrogen storage).[11] The ultimate gravimetric and volumetric
targets are 6.5 wt.%H- and 50 gHJ/L for a complete on-board system. Stationary systems
would have more relaxed criteria as the volume of the system would be less of an issue.

New LOHC systems were proposed to meet these targets. Seminal work by Pez et al. opened
new perspectives with N- and O-heterocyclic LOHC.[12] DFT modelling by Clot et al.
rationalised these alternatives by linking the integration of N atoms to the diminution of the
enthalpy of dehydrogenation.[13] Further modelling showed that including electrodonating
substituents stabilized the aromatic cycle, decreasing the enthalpy as a function of the
Hammett parameter o (para).[14]

Recent contributions in the homogeneous and heterogeneous acceptorless dehydrogenation
and hydrogenation of C-O and C-N based chemical functions, such as alcohols, ketones,
esters, carbonates, amides and nitriles, are paving the way to the development of
unconventional LOHC couples.[15-17] Integrating chemical functions to the LOHC technology
opens a way to new combinations of structures, and their addition have been proven beneficial
as heteroatoms can weaken the adjacent C—H bonds by inductive electron withdrawing effect
and/or donating mesomeric effect.[18] Especially, O-containing LOHC are also of interest as
they are usually less toxic than their carbon or nitrogen counterparts and could be sourced on
renewable feedstocks.[19] In addition, from the perspective of the catalyst, noble metal-free
catalysts such as copper are efficient for the hydrogenation and dehydrogenation of



heteroatomic functions such as alcohol/ketone and alcohol/ester, lowering the amount of
critical noble metal in the system.[20—23] Nevertheless, addition of heteroatoms has its share
of downsides, and O-containing molecules (alcohols, aldehydes, ketones) can undergo a
number of side reactions such as dehydration,[24] oxidation in air, and condensation reactions,
leading to intermolecular esterification and to oligomerization,[25,26] or aldolisation-
crotonisation reactions.[27] As a result, reaction conditions and catalytic systems must be
adequately  controlled in order to avoid such side reactions when
hydrogenation/dehydrogenation cycles are carried out with LOHC couples involving alcohols
and their derivatives.

In addition, very few contributions in the literature combine different chemical functions in a
LOHC as most work specializes on optimizing/testing a single function while leaving the rest
of the LOHC undisturbed.[28] While these works are fundamental to understand the reactivity
of each individual function, they do not tackle an integrated system, often at the price of a
reduced H. capacity. This approach is understandable as finding a catalyst that is efficient for
multiple functions is challenging and could destabilize the system. Usually, O-containing
LOHCs are either simple alcohols such as methanol or ethanol, diols or O-heterocycles such
as dibenzofuran.[29,30]

Various molecules have been suggested as bifunctional LOHCs like the couple Tetrahydro-2-
furanmethanol/Furfural, whose promises have been showcased by DFT studies.[31] To the
best of our knowledge, while complete hydrogenation was achieved, no article has reported
so far the dehydrogenation of tetrahydro-2-furanmethanol to furfural.[32]

To date, the most similar LOHC system containing both an aromatic ring and a free O-function
is the couple Cyclohexanol/Phenol. Heterogeneous hydrogenation[33] and
dehydrogenation[34] were achieved in the literature. On a system level, this LOHC couple is
already produced in industrial quantities which would facilitate its usage. In addition, phenol
units are key building blocks in lignin and its formation from biomass molecules is actively
researched.[35] However, Phenol is rather sensitive to water and its high toxicity and low
explosion limit in air would be a problem for the technical implementation of a Phenol-based
LOHC couple.[36] Concomitantly to our work, a recently submitted paper by the Wassercheid
group studied the couple Dicyclohexylmethanol/Benzophenone, highlighting the interest of
bifunctional LOHC systems.[37]

In this work, we propose to assess the efficiency of a new bifunctional LOHC couple, 1-
Cyclohexylethanol/Acetophenone (CHEA/APO). This couple is of interest as its enthalpy of
dehydrogenation and H, storage capacity (65 kJ/molH., 6.3 wt.%H,) are on-par with purely
aromatic state-of-the-art systems such as Dibenzyltoluene (71 kJ/molH;, 6.2 wt.% H;).[38] In
addition, both molecules are commercially available and present limited chemical danger.
Moreover, Acetophenone is a key molecule found in the transformation of renewable
feedstocks such as lignin, removing the dependency of this potential LOHC from fossil fuels in
the future.[39]

This couple has already been partially studied, especially the hydrogenation and
dehydrogenation of its alcohol/ketone function (Figure 1). A handful of reports have described
the homogeneous and heterogeneous hydrogenation of APO to CHEA. While homogeneous
and heterogeneous hydrogenation in dilute conditions yielded up to 100% of conversion,
solvent-free heterogeneous hydrogenation was only completed in yields inferior to 10%.[40]
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Figure 1 — (top) Physical data for CHEA and APO. The melting point of 1-Cyclohexylethanol was obtained by the
Joback method.[51]. (bottom) Literature review of the hydrogenation and dehydrogenation of the couple CHEA/APO

To the best of our knowledge, no work has been performed on the complete acceptorless
dehydrogenation of 1-Cyclohexylethanol to Acetophenone. Our aim is to determine a set of
catalytic conditions that enable the full dehydrogenation and full hydrogenation, as well as
evaluating the capacities of such a system to behave as a LOHC, performing several
hydrogenation/dehydrogenation cycles under solvent-free conditions.

Results and discussion

Over the reactions of hydrogenation and dehydrogenation, numerous compounds have been
observed by GC-MS. They are displayed with the acronyms that are used further in the text,
in Figure 2, and sorted in 5 different classes according to their role in the reaction of interest.
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Figure 2 — Compounds observed during the cycling of the LOHC and their classification

1. Catalytic evaluation of noble metal catalysts for the hydrogenation of Acetophenone

We first started to study the hydrogenation of Acetophenone (APO) in 1-Cyclohexylethanol
(CHEA), with supported noble-metal catalysts, as the exothermic hydrogenation usually is the
easiest reaction of the cycle. Various supported noble metal catalysts were tested for the
hydrogenation of Acetophenone and the results are presented in Table 1. The complete GC-
MS results can be found in ESI S6.

Catalyst OH
T, 4 h, 50 bar H,
APO CHEA
CONDITIONS CONVERSION LOHC STABILITY DOH
5%Pt/Al»Os, 80 °C 98% >99% 42%
5%Pt/C, 80 °C 99% 97% 51%
5%Pd/Al.O3, 80 °C >99% 88% 23%
5%Pd/C, 80 °C >99% 61% 15%
5%Ru/Al>0s, 105 °C >99% 91% 92%
5%Ru/C, 105 °C >99% 73% 93%

Table 1 - Conversion, LOHC stability and degree of hydrogenation (DOH) of the crude reaction mixture after 4 h
hydrogenation of Acetophenone under 50 bar H2. Acetophenone (12.5 mL), heterogeneous catalyst (0.1 wt% active
metal with regard to the Acetophenone)



First of all, all catalysts achieve similar APO conversion levels in 4 h (> 98 %). However, the
Pd catalysts produce mainly 1-Phenylethanol (PEO), showing their poor activity for the
hydrogenation of the aromatic cycle as a standalone metal.[52] An observed strong tendency
for dehydration is also linked to the surface acidity for Pd heterogeneous catalysts.[53]
Conversely, Pt and especially Ru exhibit high conversions and selectivities, as expected from
the literature.[54,55] General reactivity follows the order Ru > Pt > Pd, in agreement with the
literature.[56] The support, Alumina or carbon, displays in general little to no influence on the
conversion, however the LOHC stability is generally improved when alumina is used. Finally,
only the Ru based catalysts showed DoH superior to 90%. After this first screening, we thus
selected Ru/Al,Os as the best catalytic system as it had the highest selectivity and a DoH
equivalent to Ru/C. We then tried to improve it further by modifying the reaction temperature.
Ru/C and Pt/Al,O3 were used as comparison due to the former presenting the highest DoH
and the latter the highest LOHC stability in our preliminary study.

While a maodification of the temperature has almost no effect for the conversion of APO
depending on the catalyst (ESI S7), a strong influence on the hydrogenation selectivity to
CHEA was observed. In particular, higher reaction temperatures promote dehydration on the
Ru catalysts, probably due to the presence of acidic sites on the support. Conversely, the DoH
rapidly reaches >99% values from 105 °C for Ru/C and from 115 °C for Ru/Al.Os. At 115 °C,
Ru/Al,O3 achieves the maximal selectivity and DoH of all studied systems (93% selectivity,
>99% DoH) (Figure 3)
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Figure 3 - Left: Selectivity to CHEA for Pt/Al2O3 (black), Ru/Al20z (red) and Ru/C (blue); right: DoH for Pt/Al2Os
(black), Ru/Al203 (red) and Ru/C (blue)

The calcination and subsequent activation of Ru/Al,Os; under hydrogen increases the
selectivity and reduces the reaction time (ESI S8). After optimization, we thus selected the
activated Ru/Al,O3 as a hydrogenation catalyst (0.1 wt% active metal to Acetophenone), used
at 115 °C for 2 h, under 50 bar of Ha.

2. Analysis of the selected Ru/Al,Os catalyst for the hydrogenation of Acetophenone

The RuU/Al,O3 catalyst was analyzed by XPS at three different steps: as supplied, after
activation and after hydrogenation. The Ru 3d and Ru 3p core levels were recorded (Figure
4a and ESI S9) so as to estimate the oxidation state of the catalyst. For data treatment, a
Shirley background was applied for both spectra and fitting of the Ru 3d core level spectra was
achieved by using three pairs of pseudo-voigt function, a linear combination of a Gaussian and



Lorentzian. The ratio between the 3d doublet area and the distance between the doublet peaks
were fixed at 2 and 4.2 respectively.
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Figure 4 - (a) Ru 3d spectra of the ruthenium of the supplied catalyst, the activated catalyst and the catalyst after
hydrogenation. b) Atomic percentage of reduced Ru(0) for the supplied catalyst, the activated catalyst and the
catalyst after hydrogenation. (bottom) Size and dispersion of the Ru nanoparticles and specific surface and pore
diameter of the Al2O3 support.

In the Figure 4a, the Ru3ds;; peaks at 279.9, 280.9 and 282.2 eV correspond to Ru (0), Ru (1V)
and Ru (VI) oxidation states respectively (the peaks are assigned in green, red and yellow in
the Figure 4a respectively) .[57] The RuOs species was described as a defect structure on the
surface of RuO..[58] As the C 1s core level is superimposed on the Ru 3d core level, a peak
corresponding to organic surface contamination is added (C-C peak). The spectra also shows
the presence of oxidized carbon species (CO peak) that disappear after the catalyst is
activated. All of the Ru peaks binding energies in the 279 to 283 eV range are reported in the
ESI S10. Ru (IV) and Ru (VI) were grouped as “oxidized Ru” and the percentage of reduced
Ru (0) was compared to the former (Figure 4b). An increase of almost 20% of the reduced Ru
(0) is obtained after the activation of the catalyst and a further increase of 20% is observed
after the hydrogenation, leaving only 40% of oxidized Ru species that are ascribed to surface
oxidation in air and covalent bonds between the Ru nanoparticles and the alumina
substrate.[59]

These results are in agreement with the removal of surface contaminants as well as reduction
of oxidized Ru and modification of the support that were observed by FTIR-ATR, Raman
spectroscopy, XRD and ICP-OES (ESI S12, S13, S14 and S15). Its mechanism (removal of
surface water and hydroxyl groups during the calcination, reduction of the oxidized Ru to Ru(0)
during the activation under H) was studied by TGA and TGA-MS (ESI S16, S17 and S18). A
limited agglomeration of the Ru nanopatrticles was observed by TEM-EDX but should have no
measurable incidence on catalytic activity at these high conversions (Figure 4 and ESI S19).
Indeed, activity variation is usually observable only for sizes exceeding 5-10 nm.[60] However,
the Ru reduction state matters as Ru(0) species have also been shown to increase the activity



for hydrogenation reactions comparatively to Ru (V) species.[61] Finally, the support structure
(specific surface and pore diameter) is not modified by the activation process and reaction as
showed by BET adsorption (Figure 4 and ESI 20).

The XPS Al 2p core level spectra (ESI S10) shows no notable differences after activation and
after hydrogenation. The position of the peaks around 74.5eV corresponds to the APF*
oxidation state and not to a metallic Al which is reported around 72.5 eV.[62,63] The presence
of Al,Os or Al(OH)3s can not be determined by XPS analysis but XRD analysis (ESI S14) shows
AI(OH)s turning into Al,O3 during the activation of the catalyst.

3. Catalytic evaluation of supported metal catalysts for the dehydrogenation of 1-
Cyclohexylethanol

The dehydrogenation is endothermal, and is often the barrier to get an efficient LOHC
system.[7] Here we tested various noble and non-noble metal catalysts for the
dehydrogenation of CHEA to produce APO (Figure 5 and ESI S21).
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Figure 5 — CHEA conversion, LOHC stability and Degree of dehydrogenation (DoDH) of the catalysts tested for the
dehydrogenation of CHEA to APO. 1.5 mL CHEA, 1 wt.% active metal catalyst (with regard to APO), 18 h, 205 °C.



The Ru, Cu and Ni catalysts showed good conversion and selectivity for the dehydrogenation
of the alcohol to the ketone but a limited reactivity for the aromatization, in agreement with the
literature.[64—66] The Pd catalysts achieved the dehydrogenation of both the cycle and the
alcohol but also exhibited a strong tendency for dehydration products (Figure 2).[67,68]
Similarly to Pd, the Rh catalysts managed both dehydrogenation steps but favoured the
formation of the coupling products instead.[68] Pt catalysts displayed the best conversion of
all catalysts, but intramolecular dehydration products could always be found. Various side-
reactions were favoured depending on the support but no correlation with the support was
found. Out of all the tested catalysts, the 5%Pt/C catalyst supplied by Sigma-Aldrich yielded
the best compromise between conversion, LOHC stability and degree of dehydrogenation.
Further experiments on the catalytic loading and time of reaction after activation were used to
refine the conditions to yield the most efficient dehydrogenation parameters. The complete
CHEA conversion, a DoDH of 72% and a LOHC stability of 80% was achieved with a catalyst
loading of 0.25 wt.%Pt and a reaction time of 36 h. (ESI S22). While this result is promising,
CHEA dehydrogenation kinetics (0.005 gH./gPt/min at DoDH = 56%) are still a hundred to a
thousand times slower than the benchmark systems Dibenzyltoluene (0.61 gH2/gPt/min at
DoDH = 51%)[69]and N-Ethylcarbazole (0.17 gH2/gPd/min at DoDH = 57%).[70]

4. Analysis of the selected Pt/C catalyst for the dehydrogenation of 1-Cyclohexylethanol

The catalyst was analyzed by XPS after three different steps: as supplied, after activation and
after dehydrogenation (Figure 6a). The Pt 4f core level was fitted with an asymmetric doublet
corresponding to the reduced state of platinum.[71] Another pair of pseudo-voigt distribution
(Gaussian-lorentzian peaks) corresponding to an oxidized Pt state was added.
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Figure 6 - (a) Pt 4f spectra of the supplied catalyst, the activated catalyst and the catalyst after dehydrogenation.
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dehydrogenation. (bottom) Size and dispersion of the Pt nanoparticles and specific surface and pores diameter of
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Roughly 80% of the Pt is reduced in the supplied catalyst (Figure 6b). The activation of the
catalyst leads to the increase of the reduced Pt (0) species as Oz-reactive low coordination
sites are removed (Figure 6b).[72] The proportion of the oxidized Pt species is reduced to
roughly 12-13% after the activation of the catalyst. No significant variation of reduced Pt (0) is
observed between the activated catalyst and the catalyst after dehydrogenation.

Oxidized Pt species are only visible by XPS while FTIR-ATR, Raman spectroscopy, ICP-OES,
TGA and BET adsorption show little to no variation between the samples (ESI S23, 24, S25,
S26 and S27). A limited sintering of the Pt nanoparticles is visible by TEM-EDX and XRD after
dehydrogenation (Figure 6, and ESI S28 and S29). No significant variation of specific surface
and pore diameter was detected after reduction and utilization.

5. Chemical kinetics of dehydrogenation

To better understand the dehydrogenation pathway, chemical kinetics experiments were
performed. Chemical kinetics show a near total conversion of the reactant in less than 24 h
(Figure 7). The DoDH rapidly increases to 30% in 10 h. At that time, more than 85% of the
alcohol is already converted into the ketone. Over the 10 following hours, the DoH increases
only by 10%, pointing to a change in the dehydrogenation step controlling the rates. This
observation is consistent with a two-step system kinetics with a fast first step and a slow
second step.[73] In addition, the formation of the dehydrogenated condensation product, OH-
Coupling, as the main impurity stays below 5% during the reaction.
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Figure 7 — Scheme of the reaction (top); Products distribution during the dehydrogenation and DoDH (bottom). All
other products were found in quantities below 5% during the reaction. 0.25 wt.% Pt with regard to CHEA, 205 °C.



Moreover, other kinetic experiments showed that each step of the dehydrogenation is
reversible due to the residual H, pressure. Indeed, during the dehydrogenation of 1-
Phenylethanol (PEO) intermediate to APO, spontaneous hydrogenation of the aromatic cycle
is observed either via direct hydrogenation or transfer hydrogenation (ESI Figure 7S30). It is
however difficult to conclude on which mechanism directs the reaction as the laws of the
kinetics for each step are complex and the C-O bond can easily be hydrogenated or
dehydrogenated and hence act as a platform for transfer-dehydrogenation.

Further kinetics experiments were carried out in order to calculate the activation energy of each
function. Here, each molecule is characterized by 2 factors: the dehydrogenation state of the
alcohol function and the one of the cycle (Figure 8 top left). The 6H-Coupling product
contributes for half its molar fraction to both CH and Ar classes (as defined in Figure 8). No
dehydration products were observed during the experiment.
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For both the OH/O and CH/Ar functions, the increase of the temperature of reaction increases
the kinetics as expected. Moreover, the equilibrium state for the OH/O function is reached after
24 h (Figure 8 top right), whereas the CH/Ar function reaches equilibrium between 140 and
168 h depending on the temperature of reaction (Figure 8 bottom left). The apparent specific
rate constants were calculated for each reaction and function by performing an exponential fit
on the function curves assuming 1st order kinetics in a batch stirred reactor. All adjusted R?
are above 0.989 (ESI S31). External diffusion effects are supposedly non limitating due to the
high stirring speed (1500 rpm). Indeed, classic LOHC setup have showed external diffusion
effects below 500 rpm during the dehydrogenation.[12] Internal diffusion effects are also
negligible as shown by internal effectiveness factors being close to 1 for each function (ESI



S32). The activation energy for each function was obtained by using the Arrhenius law (Figure
8 bottom right). As no kinetics study on the dehydrogenation of CHEA to APO was reported in
the literature, the comparison of the activation energy was performed by assimilating the OH-
O function to the dehydrogenation of isopropanol to acetone and the CH-Ar function to the
dehydrogenation of cyclohexane to benzene. The OH-O activation energy was calculated to
be 57 kd/mol compared to 28 kJ/mol in the literature.[74] The difference in activation energy
could be due to the steric hindrance of the cycle compared to the methyl group.[75] Conversely,
the calculated CH-Ar activation energy is in good agreement with the literature (72 kJ/mol vs
70 kd/mol), which suggests that the O-group does not strongly influence the
dehydrogenation.[76] The lower activation energy for OH-O is consistent with the
dehydrogenation of this bond before the dehydrogenation of the cycle.

6. Cycling

The system was cycled thrice using the optimized conditions (Figure 9, top left). Material losses
of 10 to 20% per step were visible and attributed to reactor transfers, filtrations and sampling
for GC-MS analysis (ESI S33). A slight degradation occurred, mainly due to the self-coupling
and the dehydration of the LOHC (Figure 9, top right). However, as the degradation products
still possess a 6-membered cycle like EB/EC, cycling of the whole mixture is still possible
without a dramatic loss of hydrogen storage.[77,78] By pondering the theoretical capacity of
each degradation product in the mixture, close to 99% of the maximum theoretical hydrogen
capacity (i.e. the theoretical capacity of the CHEA/APO couple) is retained even after the third
cycle (Figure 9, bottom left). As new LOHC couples are produced through the degradation of
the CHEA/APO, the degree of hydrogenation and dehydrogenation over the cycling needs to
be modified to account for the cycling of each subspecies. Indeed, each sub-LOHC couple can
store various amounts of hydrogen hence the quantity of the sub-LOHC couples as well as its
theoretical maximum storage capacity are taken into account to calculate the equivalent of the
DoDH and DoH of the system. The exploited H, capacity, which describes the amount of
hydrogen unloaded during a cycle by the LOHC system, is calculated by equation (5). During
the cycling, up to 50% of the hydrogen capacity could be used (Figure 9, bottom right). Further
catalyst design is hence required to access the rest of the H, capacity and decrease the
reaction time while avoiding the degradation of the LOHC.
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7. Enthalpy of dehydrogenation and mechanism of reaction

The energies of the key organic intermediates involved in the reaction were computed by DFT.
The accuracy of the method was first assessed by calculating the dehydrogenation enthalpy
of known LOHC couples (Figure 10); the difference between the experimental values reported
in the literature and calculated values fall below 3 kJ/molH2 which is satisfactory (ESI S34).
Based on DFT, the estimated enthalpy change for the CHEA/APO couple is 65 kJ/molHa,
which is close to that of Cyclohexanol/Phenol (64 kJ/molH>).
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We then computed a number of plausible intermediates, some of which are presented in the
Figure 11. The enthalpy change for each potential intermediate is presented in the ESI S35.
Among those, some have been identified by GC-MS (highlighted by green rectangles). The
other intermediates are not observed, probably due to their lack of stability or high reactivity.
VEC and VEB are proposed as intermediates for the intramolecular dehydration of the
alcohols, which are hydrogenated to yield EC and EB as the corresponding cycloalkanes.[79]
Intermolecular dehydration between two alcohol bearing molecules (CHEA and APO) is most
thermodynamically favoured degradation pathway and 12H-ROR (AH=-9 kJ/mol,
AG=1 kJ/mol) and OH-ROR (AH=-2 kdJ/mol, AG=9 kJ/mol) should be produced as the main
impurities based on the enthalpy change. The probable limitations to the ether formation are
the steric hindrance and the lack of strong acidic sites on the catalyst. The coupling products,
whilst the less thermodynamically favourable of the impurities (AH=25 kJ/mol, AG=34 kJ/mol)
are formed as the main by-products through an aldol addition of two ketones bearing molecules
(ACH and APO), followed by an internal dehydration (12H-Al and OH-Al) and subsequent
hydrogenation of the formed a,B-unsaturated ketones to yield 12H-Coupling, 6H-Coupling and
OH-Coupling.[80] The aldol addition is reversible with a strong base,[81] however the high
temperature of reaction in combination with the hydrogen in solution favours the
crotonisation/hydrogenation pathway. The hydrogenation of the 12H-Al and OH-AI
intermediates is highly favourable in the presence of hydrogen (resp. AH=-110/-120 kJ/mol,
AG=-74/-84 kJ/mol), explaining the absence of these structures in the reactional mixture.
These conditions render the reaction irreversible as electrons are not stabilized anymore by
resonance, which allows for the accumulation of the coupling products in solution. The aldol
reaction is also possible in the presence of a metallic enolate. However, as platinum is the only
metal in the reaction mixture and has not been shown to favour enol formation, this reaction
pathway is less plausible.[82]
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Degradation by removal of the oxygen atom or change in the carbon backbone is supposed
irreversible while reactions producing hydrogen are expected to be reversible under the
conditions of the system.

As unwanted dehydration and condensation reactions are catalysed by acidic or basic
conditions, the effect of the acidity or basicity of the support on the reaction selectivity was
investigated. Three alumina with various acidity/basicity were used to synthetize 2 wt.%
Pt/Al,O; catalysts. Dehydrogenation of CHEA was performed for each catalyst but no
correlation between the support acidity/basicity and the composition of the impurities was
found (ESI S36 and S37). Dehydration of the LOHC could not be prevented by changing the
substrate to a basic alumina.

Conclusion

A new bifunctional LOHC couple, based on 1-Cyclohexylethanol/Acetophenone, has been
evaluated by DFT and deemed a potential LOHC couple. Lab experiments showed promises
on its application as a LOHC as Ru/Al,Os; hydrogenated the LOHC at 115 °C in 2 h with a
conversion of 100% and 98% selectivity. The dehydrogenation was successfully carried out
using Pt/C at 205 °C in 36 h with total conversion but with a degree of dehydrogenation (DoDH)
limited to 72% and a LOHC stability of 80%. These conditions were used to cycle the system
three times during which up to 50% of the total hydrogen capacity could be exploited, stable
after 3 cycles. The limitations of such a system, which pairs C—O bonds and C-C bonds, have
been identified: the reversibility of the hydrogenation of the ketone group upon
dehydrogenation facilitates condensation and dehydration reactions, under the conditions
required for the slower dehydrogenation of the cyclohexyl ring. Degradation of the carrier
produces LOHC-like structures, some of which have already been studied in the literature such



as Ethylcyclohexane/Ethylbenzene and are hence not incompatible with cycling. Further work
is required on the catalysis to refine the activity to the targeted species, increase the kinetics,
limit the side reactions or regenerate the LOHC mixture to further its development as a LOHC.

Experimental
Materials

1-Cyclohexylethanol (98%) was purchased from Alfa-Aesar. Acetophenone (99%), H.PtCls,
6 H>O (37.5% min. Pt basis) and activated acidic, neutral and basic Brockmann | Al,O3; were
purchased from Sigma-Aldrich. Chemicals were used as received without any purification.

5%Pt/Al,O3, 5%Pt/C (matrix activated carbon support), 5%Pt/C Evonik Noblyst P2061,
5%Ru/C, 5%Pd/Al,Os, 5%Pd/CaCOs; Evonik Noblyst P1151, 3%Cu/C, 5%Rh/Al,03, 5%Rh/C
and were supplied by Sigma-Aldrich (SA). 66%Cu/ZnO/MgO/Al,O3, 5%Ru/Al,O3, 5%Pd/C,
5%Pt/C sulfide, 5%Pt/graphite type 286 were supplied by Alfa-Aesar (AA) and 66%Ni/Al,Os-
SiO». All catalysts were used as received, except when stated otherwise.

Methods
Treatments of the catalyst ruthenium supported on alumina

The catalyst was calcined at 400 °C for 4 h in dry air (5 °C/min, 100 mL/min) and then reduced
at 250 °C for 4 h in 2.5% Hx/Ar (2 °C/min, 100 mL/min). The reduced catalyst was stored in a
storage box flushed with Argon. Further treatments for the preparation of the Ru/Al,O; catalyst
as supplied, activated and after hydrogenation are shown in the ESI S32.

Treatments of the Platinum supported on carbon catalyst

The catalyst was reduced at 280 °C for 4 h in 2.5% H/Ar (3 °C/min, 100 mL/min). The reduced
catalyst was stored in a storage box flushed with Argon. Further treatments for the preparation
of the Pt/C catalyst as supplied, activated and after hydrogenation are shown in the ESI S33.

Catalyst surface analysis by XPS

The catalysts were analysed by XPS after three different steps: as received, after activation
and after reaction (hydrogenation or dehydrogenation). A monochromatic beam (X-ray source
Al Ka 1486.6 eV) of 100 um in diameter and 24.9 W of power was focused on the surface of
the samples. High resolution core level analyses were performed using a pass energy of
23.9 eV, which corresponds to an energy resolution of 0.6 eV. All XPS measurements were
carried out under ultrahigh vacuum conditions (7 x 108 Pa). Each core level peak was recorded
within ten scans with a scan rate of 0.1 eV/s. The binding energy calibration was performed
using the C 1s peak shifted at 285 eV. The core level binding energies were recorded within
an error of £0.1 eV. Curve fitting and background subtraction were accomplished using Casa
XPS software.

Hydrogenation

Typically, Acetophenone (12.5 mL) and the heterogeneous catalyst (0.1 wt% active metal to
the substrate) were mixed together in a 50 mL Parr hydrogenation batch reactor. The reactor
was purged by three cycles of 10 bar Njy/atmospheric pressure, then one cycle 50 bar
H./atmospheric pressure. The reactor was then pressurized with 50 bar H, and heated up at
reaction temperature under strong stirring (1000 rpm). The flow of the H; inlet was controlled
by a mass flow meter. The reaction started when a non-zero flow was detected by the mass



flow. At the end of the reaction, the reaction mixture is filtered on a syringe filter (0.2 um) before
being analysed by gas chromatography coupled with mass spectrometry (GC-MS).

Dehydrogenation

In a typical procedure, 2.5 mL of 1-Cyclohexylethanol and 5% Pt/C (1 wt% active metal to the
substrate) were mixed together in a 50 mL round-bottom flask connected to a condenser. The
setup was purged by three cycles of vacuum/Argon before being heated under reflux of the
LOHC (205 °C) and stirred at 1500 rpm for 18 h. At the end of the reaction, the reaction mixture
is filtered on a syringe filter (0.2 um pore diameter) before being analysed by GC-MS.

Analysis

Identification and composition of the reaction crude mixtures were performed by a 7820A
Agilent GC-MS (5977E MSD) with a 7693A Autosampler. The column was a 30 m, 0.25 mm
diameter, 0.5 pm film HP-INNOWAX. Helium was used as the carrier gas (1 mL/min).
Acetophenone (APO), Acetylcyclohexane (ACH), Acetylcyclohex-1-ene (ACHN), 1-
Cyclohexylethanol (CHEA), 1-Phenylethanol (PEO), Ethylbenzene (EB), Ethylcyclohexane
(EC) and 1,3-Diphenylbutanone (OH-Coupling) were calibrated to obtain the response factor
of the equipment. Unavailable chemicals (e.g. Bis(phenylethyl) ether) were supposed to have
a response factor similar to that of already calibrated akin or related products (e.g. 1-
Phenylethanol). To perform the analysis, the crude reaction mixtures were diluted
(1:250 wt%/wt%) with an acetonitrile solution containing 0.25%vol. 3-octanone as internal
standard. A split ratio of 1:20 was applied to the 1 L injection. The heat program was: initial
oven temperature 50 °C, final oven temperature 260 °C for 6 min, program rate 25 °C/min. A
typical GC-MS spectrum is found in the ESI (ESI S1).

Definitions
The conversion is calculated using the equation (1):

Ncyea af ter reaction

Conversion = — =1 — mol%cyga ; 1
NenEa before reaction C after reaction ( )

The LOHC stability represents an evaluation of the LOHC degradation through the formation
of unwanted side-products. Similar to a carbon balance calculation, it consists of the sum of
the molar percent of the starting material, desired product and key-intermediates as shown in
equation (2)Erreur ! Source du renvoi introuvable..

LOHC stability = mol%cyga + mol%apo + mol% sy + mol% gy + mol%pro  (2)

The degree of hydrogenation is used during the hydrogenation to quantify the amount of H;
stored by the system. Hydrogenation coefficients detailed in the ESI (ESI S2) are used to
qualify the amount of hydrogen stored by the system. For the CHEA/APO couple, it is
calculated by the equation (3):

Quantity of H, stored _ Zi(CH;i X mol%i)
Maximum theoretical H, amount 4

DoH = 3)

For the dehydrogenation, the catalyst performance is calculated in a similar fashion, by
swapping DoH with DoDH and its associated coefficients (ESI S3) in the equation (4) :

Quantity of H, released B Zi(CDH,.i X mol%i)
Maximum theoretical H, amount 4

DoDH = (4)




The H; capacity level represents the quantity of hydrogen that could be used for each cycle
(i.e. stored then unloaded) and is calculated by subtracting the DoH to the DoDH for each cycle
X, using the equation (5)(ESI S5):

H, capacity levelgyce x
= DOHafter the hydrogenation cycle x (5)
- DOHafter the dehydrogenation cycle x

Upon multiple cycles, impurities form in the system, which change the maximum theoretical
hydrogen storage capacity. Most of these impurities are already studied LOHC couples such
as Ethylbenzene/Ethylcyclohexane. Hence, the degree of hydrogenation and dehydrogenation
is modified in order to account for the cycling of the impurities.A partial degree of hydrogenation
or dehydrogenation is calculated for each of the LOHC couples and is then calculated by
multiplying each partial degree of hydrogenation or dehydrogenation with the molar fraction of
these compounds in the reactional mixture at the start of the step, using the equation (6)An
example of this calculation is given in the ESI (S4).

DoHcycling = Z(mol%i x DoH or DoDH;) )
i

Kinetics

10 mL of CHEA were dehydrogenated with 0.25 wt% of the optimized Pt/C catalyst at 205 °C
in argon atmosphere. Aliquots equivalent to a drop of the reaction mixture were manually
sampled at regular time intervals: every 5 min before 15 min, then every 15 min until 1 h, then
every hour until 8 h and finally every 2 h each day until the end of the reaction. These aliquots
were analysed by GC-MS, being beforehand diluted in the GC-MS solvent and filtered with a
syringe filter (0.45 pm) to remove the catalyst.

Activation energy

The activation energy for each function of the LOHC system (cycloalkane/aromatic and
alcohol/ketone) was measured during the dehydrogenation. Chemical kinetics were performed
at different temperatures (190, 205 and 210 °C) over a week, so that the equilibrium state could
be achieved for each function at the desired temperature. The reactions were performed under
a 10 mL/min flux of 5%H- in Argon in order to remove the concentration of H, as a parameter
in the kinetics laws. As the kinetics laws of the reaction are highly complex for sequential and
branched reversible reactions, a lumped kinetics approach was proposed to simplify the
reaction mechanism. This approach is pertinent for complex kinetics systems and yields kinetic
parameters with good accuracy.[83] Aliquots of the reaction mixture were sampled at regular
time intervals and were analysed by GC-MS, being beforehand diluted in the GC-MS solvent
and filtered with a syringe filter (0.45 um) to remove the catalyst.

DFT

All computations have been performed with the Gaussian 16 Rev C.01 suite, using the hybrid
meta-GGA functional M06-2X and the basis set 6-311+G(2d,p) for elements. Such parameters
are known to predict accurately the thermochemistry of main-group compounds in the ground-
state as well as polyenes systems. Each structure is solvated in Acetophenone using the SMD
model which is recommended to compute thermochemical parameters. Frequency
calculations were performed on the optimized structures using the same parameters; all
structures were verified to possess no imaginary frequencies.

Catalyst synthesis



A wet-impregnation method was used for the preparation of the 2wt% Pt/Al>Oz catalysts.
Typically, acidic Al.Os (2.0 g) was mixed with an aqueous solution of H.PtCls (4.5 gPt/L), with
the volume of the latter being tuned to the target loading of Pt, and the slurry was stirred at
room temperature until the water was evaporated. The solid mixture was then dried at 100 °C
in air overnight in an oven. The resulting solid was milled into a fine powder and then calcined
in air (550 °C, heating rate: 3 °C/min). The calcined catalysts were reduced in a tubular oven
under Ar/H; flow (2.5%; 100 mL/min) at a selected temperature (250 °C, heating rate 3 °C/min)
for 2 h.
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