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Abstract

The dehydrogenation of alkane feedstock to produce alkenes is a significant and energy intensive
industrial process, generally occurring on metals and metal oxides. Here, we investigate a catalytic
mechanism for the dehydrogenation of butane on single-layer, metal-free graphene using a combination
of ab initio quantum chemical calculations and Adsorption Microcalorimetry. Dispersion-corrected
Density Functional Theory (DFT) is employed to calculate transition states and energy minima that
describe the reaction pathways connecting butane to the two possible products, but-1-ene and but-2-ene.
The deprotonations occur with moderate energy barriers in the 0.54 eV + 0.69 eV range. A strong
agreement is observed between the results of the adsorption energies calculated by DFT (0.40 eV) and
the measured differential heat of adsorption of n-butane on graphitic overlayer. We conclude that the
active-site for this catalytic reaction is a metal-free graphene vacancy, created by removing a carbon atom

from a single-layer graphene sheet.
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1. Introduction

Much hope has been placed in graphene, both for its enormous potential in disruptive technological
applications and for its current role as a playground material for studying quantum phenomena. The
creation of graphene in the laboratory', in 2004, has opened up an exciting perspective as ideal 2D flat
surfaces, formerly encountered only in theoretical models, became suddenly available for a wide range of
experiments and applications. More recently, flakes of graphene have been created on a macroscopic
scale, up to one mm, and are visible to the naked eye.? Electronic excitations in the graphene sheet have
unusual dispersion properties and behave as massless fermions described by a Dirac equation,? displaying
both relativistic and quantum features, and providing an unrivalled opportunity to validate unusual
theoretical predictions, for example Klein tunnelling. **

Graphene also exhibits a long list of record-breaking properties, for instance high thermal and electrical
conductivity and high Young’s modulus.” > Although most of the experimental and theoretical work on
graphene has been focussed on its electronic and physical properties of graphene, its potential for chemical
applications, especially in organic catalysis and photocatalysis, is a rapidly expanding research area.’!!
Alongside pristine graphene, graphene-derived materials such as graphene oxide and so-called "multi-
layer graphene" have also attracted attention as potential heterogeneous catalysts. For a long time, carbon-
based catalysts, or carbocatalysts, have been considered as alternatives to transition metals and have the
potential to both reduce the cost of replacing the catalyst (often containing precious metals such as Pt and
Ir) and improve the sustainability of industrial reactions.'? It has also been identified that in a number of
catalytic processes, carbon deposited on the solid catalyst surface during reaction can play a key role in
providing catalytic active sites or in directing catalytic selectivity. Nanocarbons such as graphene offer
the opportunity to create catalytic function using carbon itself as the active element, rather than simply as

a supporting medium."?



In the last decade, several applications of graphene in heterogeneous catalysis have been reported, for
instance the oxygen reduction reaction (ORR),*’ the oxidative dehydrogenation of propane!® and the
oxidative coupling of amines to imines®®. Of particular interest is the dehydrogenation of light alkanes
to their corresponding alkenes. Light alkenes such as ethene, propene and butane are vital feedstocks
in the chemicals industry, being employed in the manufacture of polymers and plastic, oxygenates and
other important compounds. Graphene chemical properties have been investigated by either dissolving
graphene fragments in solution, or by using surface science techniques to explore the behaviour of
graphene as a two-dimensional crystal.*> 2 The latter approach is currently a more popular research
field, especially in the areas of catalysis and industrial chemistry.® 17 2021 Despite the increasing
popularity of research in this area, there remain a number of uncertainties around the mechanism by
which carbon materials catalyse organic transformation. For instance, quinolinic or hydroxyl moieties
have been implicated as active sites in the oxidative dehydrogenation of alkanes; however, in the
absence of oxygen, and hence these functionalities, carbon catalysts remain capable of promoting
dehydrogenation.'* 1" 222° Recently, propane dehydrogenation on defective graphene has been
thermodynamically investigated with first-principles methods. The results of this work show that
graphene defects do not get poisoned during the dehydrogenation process, although activation energies
are not reported.?’ Ethane direct dehydrogenation over carbon nanotubes and reduced graphene oxide
has been studied by Bychko and co-authors using scanning electron microscopy, X-ray diffraction and
Raman spectroscopy.?® The authors report that both carbon systems are stable up to 973 K and that
ethane and hydrogen are adsorbed on the same active site, therefore adsorbed hydrogen can suppress
the rate of dehydrogenation at low temperatures. Understanding the mechanism of reaction allows the
design of new catalysts and operating conditions; critical developments given the high energy demands

of catalytic dehydrogenation and the typically low selectivities associated with these processes.



The work of the group of McGregor and co-workers, in particular, prompts us to explore the observed
catalytic activity of nanocarbons with a first-principles theoretical study. While conducting research into
the (non-oxidative) dehydrogenation of butane on a metal catalyst, these authors observed the
dehydrogenation occurring on a carbon deposit, commonly identified as “coke”. The carbonaceous
deposit was characterized to be graphitic in nature, but with active site or defects consistent with graphene
vacancies.*’

In this paper, we employ first-principles density functional theory (DFT) methods with van der Waals
(vdW) corrections’! to describe the reaction mechanism of butane dehydrogenation over a graphitic
surface with vacancies. The theoretical model of this reaction mechanism not only provides greater insight
into catalytic reactions on carbon materials, but also enables us to assess important features of the reaction,
for example selectivity. The first-principles model opens the route to tuning the reaction, whether by
modifying the catalyst or by changing the reaction conditions. Alongside theoretical studies,
complementary adsorption microcalorimetry studies have been conducted to quantify the adsorption
energy of butane on the catalytic active coke layer previously described by McGregor et al. > These
measurements provide quantitative values of the heat released upon adsorption against which to
benchmark the results of the calculations.

In this study, the substrate has been modelled by a defective graphene layer containing a single atomic
vacancy. Previous studies of the reactivity of defects in graphene have suggested that a mono-vacancy is
the most reactive defect, and a number of such vacancies are always present on graphene even at room
temperature.’? For this reason, we only considered the mono-vacancy as the reactive site on graphene.
The chemistry of graphene is thought to be largely similar to that of graphite.> The main advantage of
using graphene in this computational study is that it allows us to greatly reduce the number of atoms in

the simulation. Additionally, when considering reactions occurring on the surface of coke deposits,



typically only small number of carbon layers are present. Furthermore, the presence of even multiple

underlying graphitic layers has little impact on the structure of defects in graphene.>*

2 Experimental and Theoretical Methodology

2.1 Computational Method

Several methods were involved in our exploration of the energy landscape. Both the minima and the
transition states connecting these minima have been determined by DFT calculations through the
CASTEP?*® code. CASTEP provides both a geometry optimisation method based on the Broyden—
Fletcher—Goldfarb—Shanno (BFGS) algorithm and a transition state searching method based on the Linear
Synchronous Transit/ Quadratic Synchronous Transit algorithm (LST/QST).>”*® The OPTIM computer
code was also used, coupled with CASTEP, implementing an eigenvector-following (EF) algorithm - a
single-ended search method that we employ to find transition states starting from a single geometry (often
a local minimum) or for optimising transition states (TS) found with the LST/QST method.**!
Convergence testing identified a (4 x 4) cell as sufficiently large to avoid spurious interaction between
adjacent vacancies, or indeed between adjacent adsorbed molecules. This coverage corresponds to a
vacancy density of 0.012 A2 The following computational parameters (kinetic energy cutoff and k-point
sampling) were firstly converged and then employed for all the calculations reported in this work. The
cutoff-energy for the plane wave basis set was 360 eV. The Brillouin zone was sampled witha 2 x 2 x 1
Monkhorst-Pack k-point-grid. The Perdew, Burke, and Ernzerhof (PBE) exchange-correlation
functional** was utilized with the Tkatchenko-Scheffler (TS) vdW-correction scheme® to account for the
long-range dispersion force interactions that are dominant in the initial physisorption of butane on
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graphene. For the electronic convergence, we employ a density-mixing approach, with a smearing-



width of 0.1 eV, and set the energy tolerance at 10” eV/atom. Geometry optimisation calculations were
converged to a tolerance of 2 x10® eV/atom and an energy tolerance of 10 eV for the whole system.

2.2 Adsorption Microcalorimetry

Differential heats of n-butane adsorption were determined at 313 K using a MS70 Calvet Calorimeter
(SETRAM). The calorimeter is combined with a custom high vacuum and gas dosing apparatus
(volumetric-barometric system), which has been described in detail previously.*® A custom high-vacuum
all-metal sample cell with batch geometry was used in this study.*’ The sample was loaded into the
calorimeter cell, and pre-treated at 500 °C for 30 minutes under vacuum, then with 50% H> for 30 min
prior to degassing 30 minutes under ultra-high vacuum (p < 3 107 mbar) achieved using a separate
pumping station. Six Ha/de-gas cycles were completed resulting in 180 min exposure to H,. Subsequently,
the cell was cooled to 313 K in vacuum and transferred into the calorimeter. The calorimeter cell was
equipped with the volumetric-barometric system. The probe molecule, n-butane, was introduced stepwise
into the evacuated cell, with the pressure evolution and the heat signal recorded for each dosing step. The
equilibrium pressure increased monotonically with each step from 0.02 mbar after the first step to 86.58

mbar after the final step.

3. Results and Discussion

3.1 Adsorption Microcalorimetry

Figure 1 shows the differential heat of adsorption on coke deposited on VO,/Al>O3 as a function of the
quantity of n-butane adsorbed. The initial differential heat of adsorption is 0.56 eV. This rapidly decreases
with increasing n-butane coverage until a coverage of ~0.02 mmol/g, corresponding to a differential heat
of adsorption of ~0.4 eV. Above this coverage the rate of decrease slows significantly and ultimately

approaches the condensation enthalpy of n-butane at 313 K of 0.23 eV. Therefore, this enthalpy



corresponds to that of a “liquid” monolayer on the surface, and the experimentally measured heats of
adsorption tend to this value. After the surface becomes saturated, multilayer adsorption will commence
at which point we would no longer be investigating the interaction of the adsorbate with the surface. The
relatively higher enthalpies observed at low coverage likely correspond to adsorption of #-butane at defect
sites on the coke surface. The monotonic nature of the decrease in enthalpy with increasing coverage

indicates that no reactive event, such as isomerisation of the hydrocarbon, occur following adsorption.*’
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Figure 1 Differential heat of adsorption of n-butane at 313 K on a carbonaceous overlayer deposited

on VOx/AlL,Os.

3.1 Physisorption

The first step of the reaction - the physisorption of butane on graphene - requires the molecule and
surface to be in close proximity, and the orientation of the impinging molecule is likely to be of some
importance.**>? In order to determine the structure of the physisorbed state and the depth of the
physisorption well, a series of geometry optimisations were performed with butane initially positioned at

3 A from the vacancy. Butane was found to physisorb, and Figure 2 shows two possible orientations for



the optimised geometry. The vertical orientation has an adsorption energy of 0.23 eV with a calculated
minimum height of 3.2 A (the minimum distance between any carbon atom in the molecule and the plane
of the graphene sheet). The horizontal orientation adsorbs with a higher adsorption energy of 0.40 eV and
a minimum height of 3.3 A. Rotating the physisorbed butane about its longest molecular axis does not
significantly affect the adsorption energy for the horizontally physisorbed state. The higher adsorption
energy for the horizontal state (compared with the vertical state) can be understood from the nature of the
vdW correction added to the DFT calculation - in the horizontal geometry the atoms in the molecule are
generally closer to the sheet and therefore the vdW interactions (included in a pairwise manner) are
correspondingly stronger.”>> For intermediate orientations, where the butane molecule lies at an angle
between vertical and horizontal, the adsorption energy varies smoothly between 0.23 eV and 0.40 eV, in

excellent agreement with the microcalorimetry results (Figure 1).



3.3A

Figure 2 Physisorbed butane above the graphene mono-vacancy in (a) horizontal, and (b) vertical

orientations. Adsorption energies are 0.40 eV in the horizontal orientation, and 0.23 eV in the vertical.

3.2 First Deprotonation

In order to calculate the reaction barrier for the first deprotonation reaction, which ends with a hydrogen
atom adsorbed on the vacancy and a 1-butyl radical physisorbed on graphene, we employ the eigenvector
following (EF) algorithm,****! an efficient single-ended TS search method that determines the transition
state for a reaction by starting from a single geometry. The single-ended search is achieved by following
the least-steep path uphill (corresponding to the lowest energy eigenvector of the Hessian,*” 3¢ the matrix
of second derivatives of the energy with respect to geometry) on the energy landscape from the local

minimum to a transition state. There are two environments for hydrogen atoms on a butane molecule - the
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first is attached to one of the primary carbon atoms of butane (the termini of the alkane) whereas the other
is attached to one of the secondary carbon atoms (in the middle of the alkane).

Figure 3 Transition state showing the removal of a hydrogen atom from a primary carbon atom of butane
by the graphene mono-vacancy, red arrows showing the reaction vector. The transition state has an energy
0.56 eV higher than the vertically physisorbed state (Figure 2(b)), and 0.73 eV higher than the horizontally
physisorbed state (Figure 2(a)). Figure 3 also shows the resulting geometry from a successful transition
state search for removing a hydrogen atom from a primary carbon atom, starting from a vertically
physisorbed state similar to that depicted in Figure 2(b). The transition state has an energy of 0.33 eV
relative to gas-phase butane and a pristine vacancy site, which is 0.56 eV above that of the initial vertically
physisorbed state, or 0.73 eV above that of the (lowest energy) horizontally physisorbed state. The
resulting transition state structure shows that butane moves slightly closer to the surface and the leaving
hydrogen lies at an intermediate distance from the primary carbon atom of the molecule and one of the
carbon atoms in the vacancy. The distance from this proton to the nearest graphene carbon atom is 1.3 A,
while the breaking C-H bond is 1.4 A in length. The Hessian eigenvector with lowest eigenvalue,*
corresponding to the direction of the reaction co-ordinate at the transition state, is marked with red arrows

in 3, revealing the movement of the hydrogen between the adsorbate and vacancy.
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AE = 0.56 eV

Figure 3 Transition state showing the removal of a hydrogen atom from a primary carbon atom of
butane by the graphene mono-vacancy, red arrows showing the reaction vector. The transition state has
an energy 0.56 eV higher than the vertically physisorbed state (Figure 2(b)), and 0.73 eV higher than the

horizontally physisorbed state (Figure 2(a)).

Figure 4 shows the geometry for a transition state search in which a hydrogen atom is removed from
one of the secondary carbon atoms of butane. The transition state has an energy of 0.20 eV, relative to
gas-phase butane and a pristine vacancy site, which is 0.59 eV above that of the horizontal physisorbed
geometry (from which the search was started). The calculated TS shows a similar structure to the TS for
the deprotonation of a primary carbon (Figure 3), with a C-H distance of 1.4 A for the breaking bond, and

of 1.3 A between the leaving hydrogen atom and the nearest carbon atom in the graphene sheet.
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AE =0.59 eV

Figure 4 Transition state (TS) showing the removal of a hydrogen atom from one of the secondary
carbons of butane by the graphene mono-vacancy, red arrows showing the reaction vector. The transition
state has an energy 0.43 eV higher than the vertically physisorbed state (Figure 2(b)), and 0.59 eV higher

than the horizontally physisorbed state (Figure 2(a)).

3.3 Chemisorption

The transition states shown in Figure 3 and Figure 4 connect physisorbed butane with a physisorbed
butyl radical (and a chemisorbed hydrogen atom located on the vacancy). There are then two possible
binding sites where the butyl radical could react with the vacancy, following removal of the first hydrogen
atom. Since a single bond can form between a carbon atom in the vacancy and the molecule, the butyl
radical can either react with the carbon atom on which the hydrogen atom has adsorbed or with one of the

two unoccupied carbon atoms belonging to the vacancy (Figure 3 and 4).>” We calculated the energy for
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both adsorption geometries and found that butyl bonded to the same carbon atom as the hydrogen atom is
higher in energy by 0.29 eV than butyl bonded to a different carbon atom of the vacancy. Choosing to
focus only on the latter possibility, therefore, Figure 5 shows the optimised geometries of 1-butyl and 2-
butyl chemisorbed to the vacancy. The energy difference between these two structures is 0.15 eV, the 1-
butyl configuration being the more stable, and in both cases there is substantial modification of the local
structure at the vacancy site. Transition state searches aiming to link these chemisorbed states to
physisorbed butyl radical geometries obtained as endpoints of the first deprotonation step proved fruitless,
demonstrating that chemisorption of the butyl radical is essentially barrierless.

Several further adsorption geometries for the chemisorbed butyl moieties were then explored by rotating
each around its chemisorption bond, so that it extended variously over either the vacancy or the graphene
sheet. The maximum change in adsorption energy was found to be less than 1 meV, indicating that

rotational motion of either chemisorbed butyl moiety would be facile.
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Figure 5 Optimized structure of chemisorbed butyl, with a single hydrogen atom removed from (a) a
primary carbon atom, forming a 1-butyl moiety, or (b) a secondary carbon atom, forming a 2-butyl moiety.
The energy difference between these structures is 0.15 eV, with the 1-butyl moiety the more stable

structure.
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3.4. Second Deprotonation

Figure 5 shows butyl moieties bonded to the vacancy, with a single hydrogen atom removed from the
molecule in each case and bonded nearby. To proceed forward in the reaction, another hydrogen atom
must be removed to create an adsorbate with the stoichiometry of butene. Since there are two possible
geometries resulting from the removal of the first hydrogen atom, corresponding to whether it has been
removed from either a primary or a secondary carbon, there are necessarily three distinct configurations
(see Figure 7) resulting from the removal of a second hydrogen atom, depending on which order the
hydrogen atoms are removed from the original butane. Figure 6 (¢) shows the geometry of a TS that leads
to the removal of a second hydrogen atom from a 1-butyl moiety. In this case, the second hydrogen atom
is removed from a secondary carbon of the original butane molecule, while the first hydrogen atom was
removed from a primary carbon atom. The calculated activation barrier corresponding to the transition
state for this reaction is 0.67 eV. Beyond the transition state, the hydrogen atom will continue to displace
in the direction of the reaction vector, eventually bonding to one of the carbon atoms at the vacancy. The
highly reactive butyl radical immediately forms a second bond to that same carbon atom, forming a
chemisorbed cyclic intermediate (shown in Figure 6(c)).

If, instead, the first hydrogen atom removed from butane left from a secondary carbon atom, there will
be two possible locations from which to remove the second hydrogen atom - either from a primary carbon
atom (Figure 6(a)) or from another secondary carbon atom (Figure 6(b)). The TS in the first case involves
an activation barrier of 0.81 eV, whereas the activation barrier in the second case is 0.54 eV. In both cases,
the hydrogen atom follows the reaction vector at the transition state to bond with a carbon atom at the
vacancy, while the chemisorbed butyl moiety forms a second bond with that same carbon atom to produce,

once again, a chemisorbed cyclic intermediate.
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Figure 6 Transition states (TS) for the removal of a second hydrogen atom (a) from a primary carbon
atom of vacancy-adsorbed 2-butyl; (b) TS for the removal of a hydrogen atom from a secondary carbon
atom of vacancy-adsorbed 2-butyl. The activation barrier for the former reaction is 0.81 eV, while for the
latter it is 0.54 eV (TS energies of -2.83 eV and -2.93 eV, relative to respective products, but-1-ene and
but-2-ene). (c) TS for removal of a hydrogen atom from a secondary carbon atom of 1-butyl. This TS has
an energy of -3.12 eV relative to gas-phase butane and a pristine vacancy site, which corresponds to an
activation barrier of 0.67 eV from a starting point of vacancy-chemisorbed 1-butyl and a single adjacent

hydrogen atom.
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Following the removal of two hydrogen atoms from butane, both they and the remnant moiety are bonded
to the vacancy site. Each departed hydrogen atom is bonded to a different carbon atom, while the molecule
has replaced each with a bond to a vacancy carbon atom and forms a cyclic intermediate with either an
ethyl group (Figure 7(a) and (c)) or two methyl groups (Figure 7(b)). Figure 7(c) shows the product of the
deprotonation depicted in Figure 6(c), originating from a 1-butyl intermediate. Figures 7(a) and 7(b) show,
respectively, the products of the deprotonations depicted in Figures 6(a) and 6(b), originating from a 2-
butyl intermediate. These three structures differ in energy by less than 0.05 eV, and indeed the only
difference between the geometries presented in Figure 7(a) and 7(c) is the position of the hydrogen atoms
bonded to the vacancy. We therefore explored that how hydrogen atoms can diffuse across the vacancy
via a reaction path connecting these two states, obtaining the transition state presented in Figure 8. If the
diffusing hydrogen atom is initially in the state represented in Figure 7(a), the activation barrier presented
by the transition state is 0.40 eV, whereas if the initial configuration is that represented in Figure 7(b) the
activation barrier is 0.44 eV. An activation barrier smaller than around 0.5 eV indicates that the hydrogen

atoms adsorbed on the vacancy are highly mobile, even at room temperature.
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Figure 7 Products of double deprotonation, showing cyclic intermediates bonded twice over the
graphene mono-vacancy. In (a) we show the product from deprotonation of chemisorbed 1-butyl (-5.43
eV relative to but-1ene), in (b) the product from deprotonation of 2-butyl at a secondary carbon atom (-
5.32 ¢V), and in (c) the product from deprotonation of 2-butyl at a primary carbon atom (-5.47 eV relative

to but-1ene).
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Figure 8 Transition state for hydrogen atom diffusion across the vacancy. The transition state connects
the ground-state geometries shown in Figure 7 (a) and (c). The activation barriers from these minima are

0.40 eV and 0.44 eV, respectively.
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3.5. Butene Desorption

Ignoring, for a moment, the two hydrogen atoms bound directly to the vacancy site, the cyclic
intermediates shown in Figure 7 can be thought of as chemisorbed but-1-ene (Figs. 7(a) and 7(c)) and but-
2-ene (Figure 7(b)), albeit we must take care to stress that the double bonds implied by such nomenclature
are actually just single bonds in these adsorbed configurations. Nevertheless, we shall risk describing
them as alkenes, noting that scission of two C-C adsorption bonds in each case would result in desorption
of genuine but-1-ene or but-2-ene respectively. In order that vacancy sites are not swiftly poisoned,
however, it will also be necessary for the deposited hydrogen atoms to have a route via which to depart,
but we defer consideration of this to the following section.

For the moment, we note that the pathway for cleavage of two C-C bonds and desorption of butene can
be either symmetric (both bonds break simultaneously) or asymmetric (the bonds break sequentially).
Perhaps unsurprisingly, only asymmetrical transition states were found by the single-ended TS searches.
Figure 9 shows the resulting geometries and reaction vectors of these transition states. Starting from the
configuration shown in Figure 7(a), we located the TS depicted in Figure 9(a), with an activation barrier
for the desorption amounting to but-1-ene of 2.39 eV (-1.24 eV relative to gas-phase butane and a pristine
vacancy site), while starting from a configuration equivalent to that shown in Figure 7(c) we located the
TS depicted in Figure 9(c), with an activation barrier for the desorption of but-1-ene amounting to 2.57
eV (-1.28 eV relative to gas-phase butane and a pristine vacancy site). Desorption of but-2-ene, on the
other hand, involves the TS depicted in Figure 9(b), obtained from the starting geometry shown in Figure
7(b), with an activation barrier amounting to 2.47 eV (-1.39 eV relative to gas-phase butane and a pristine

vacancy site).
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Figure 9 Transition states for the desorption of butene from a vacancy with two hydrogen atoms bonded
to the vacancy. In (a) we show the desorption of but-1-ene via an activation barrier of 2.39 eV, in (c) the
desorption of but-1-ene via an activation barrier of 2.57 eV, and in (b) the desorption of but-2-ene via an
activation barrier of 2.47 eV (i.e. TS energies of -3.04 eV, -2.85 eV and -2.91 eV, respectively, relative

to gas-phase butane and a pristine vacancy site).
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3.6. Hydrogen Desorption

As mentioned in passing above, for the butane dehydrogenation mechanism describe here to be
catalytic, the pristine mono-vacancy must be recovered at the end of the reaction, either through
desorption of H» or via diffusion of H across the graphene sheet. The latter process is highly unlikely,
however, since we calculate H atoms to be more stable by ~2 eV at the vacancy than on non-defective
graphene. We assume here, for simplicity, that hydrogen desorbs, and that it does so after the newly
formed butene molecule has already departed.

Figure 10 shows the four possible configurations in which hydrogen can be adsorbed on a vacancy. The
monohydride-cis configuration is the lowest in energy, by a small margin, relative to the monohydride-
trans configuration, and by a large margin from the two dihydride geometries. The monohydride-cis
configuration can easily convert into monohydride-trans, with a calculated activation barrier of less than
0.01 eV. A much higher activation barrier of 0.40 eV was found for conversion of the dihydride-trans

configuration to the dihydride-cis geometry.
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Figure 10 Four different configurations of two hydrogen atoms bonded to the graphene vacancy, with
relative energies reported relative to the most stable configuration. We label these as (a) monohydride-
cis, (b) dihydride-trans, (¢) dihydride-cis, and (d) monohydride-trans, according to the number of
hydrogen atoms attaching to the involved carbon atom(s) and the disposition of these atoms relative to

the two side of the graphene sheet.
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From the minimum energy configuration (monohydride-cis), the recombinative desorption of H, from
the graphene vacancy proceeds via a TS with an activation barrier of 3.11 eV (Figure 1). This is broadly
comparable with the value calculated by Jiang et al °® (3.63 eV), with the difference probably due to the
choice of dispersion correction employed. Although this activation barrier is rather high, and indeed quite
a bit higher than that involved in liberating butene from the vacancy, it is perfectly reasonable to expect
desorption to occur at the elevated temperatures (¢.900 K and above) employed in the work of McGregor
et al 22 on coke. Notably, those authors note that their catalyst gradually deactivates over time when
operated at 873 K, but that the opposite is true at higher temperatures, and this is likely quite consistent
with activated desorption of H» from low-coordination sites (such as the graphene mono-vacancy or

analogous sites in carbonaceous coke).
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Figure 11 Transition state structure for the associative desorption of hydrogen (Hz) from the graphene
mono-vacancy. The desorption reaction has an activation barrier of 3.11 eV above the initial state in which

two protons are chemisorbed on the two adjacent carbons of the vacancy.
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3.7 Reaction Pathway

Figure 12 shows the energies and geometries for the two possible energy pathways. Each path leads to
one of the two possible products, but-1-ene or but-2-ene. The states in each path are unique, including
different initial orientations for butane physisorbed above the vacancy. If the butane molecule approaches
the vacancy end-on, but-1-ene is formed, but if the butane is initially parallel to the vacancy it is possible
to form but-2-ene. Indeed, all the intermediate activation energies are rather comparable from one
pathway to the other and are rather unlikely to generate any substantial selectivity between the two
possible products at the high temperatures employed in the experiments of McGregor and co-workers®.
Nevertheless, these authors reported almost complete conversion to but-1-ene or 1,3-butadiene (the latter
presumably created by dehydrogenation of the former in a second catalytic encounter) and practically no
formation of but-2-ene. Our calculations suggest that this high selectivity cannot be explained by
substantial differences in the catalytic pathway followed after initial adsorption, but must instead arise as
a result of steric considerations in the initial approach of butane to the active vacancy site. The molecule
possesses six hydrogen atoms (attached to primary carbon atoms) that could react with the vacancy and
lead into the but-1-ene pathway, but only four (attached to secondary carbon atoms) that could react and
lead into the but-2-ene pathway. Furthermore, the spatial distribution of these hydrogen atoms may well
make the former set more tolerant of molecular misalignment in the approach to the vacancy. That is, the
range of orientations that yield an initial reaction involving one of the hydrogen atoms from the mid-
section of the molecule may well be considerably more limited that the range consistent with initial
reaction involving a hydrogen atom attached to one of the termini of the molecule. Note that at elevated
temperature, physisorption of the molecule will be negligible, so the opportunity for reorientation above

the vacancy may similarly be neglected.
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Figure 12 Mechanism for the dehydrogenation of butane to but-1-ene (top panel) and but-2-ene (lower
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4. Conclusions

The complete reaction pathway for the catalytic conversion of butane to butene has been calculated.
The reaction can be broken down into several steps, leading to the creation of butene and the recovery of
the catalytic active site, namely the pristine vacancy. The first step is the physisorption of butane above
the vacancy. For this step, the results of the dispersion-corrected DFT calculations closely match our
microcalorimetry measurements. The butane physisorption is followed by deprotonation and
chemisorption in which the resulting butyl moiety forms a bond with one of the dangling bonds of the
vacancy. Further deprotonation and chemisorption lead to a cyclic intermediate that can be (loosely)
viewed as adsorbed butene, with the precise isomer dictated by the order of deprotonation. The lowest
energy of the overall reaction mechanism is reached when both liberated hydrogen atoms and the cyclic
intermediate are bound to the vacancy. Finally, butene desorbs from the vacancy into the gaseous state by
sequentially breaking two C-C bonds. To recover the pristine vacancy, renewing the catalytic active site,
both hydrogen atoms must leave the vacancy and this appears to be the most energetically onerous step
of the entire mechanism. Pathways to the formation of both but-1-ene and but-2-ene have been described,
and shown to be energetically rather similar. The experimentally observed selectivity towards but-1-ene
and 1,3-butadiene, rather than but-2-ene, can therefore only be explained by preferential entry into the
pathway that begins with deprotonation at a primary carbon atom rather than a secondary one. This, in
turn, strongly suggests that the observed selectivity stems from the steric advantage enjoyed by an end-

on approach of butane impinging upon the active vacancy site, compared with a sideways-on approach.
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