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We report a thermodynamically feasible mechanism for producing H, from NHz using hBN as a catalyst.
2D catalysts have exceptional surface areas with unique thermal and electronic properties suited for
catalysis. Metal-free, 2D catalysts, are highly desirable materials that can be more sustainable than the
ubiquitously employed precious and transition metal-based catalysts. Here, using density functional
theory (DFT) calculations, we demonstrate that metal-free hexagonal boron nitride (hBN) is a valid
alternative to precious metal catalysts for producing H, via reaction of ammonia with a boron and
nitrogen divacancy (Vgyn). Our results show that the decomposition of ammonia proceeds on monolayer
hBN with an activation energy barrier of 0.52 eV. Furthermore, the reaction of ammonia with epitaxially
grown hBN on a Ru(0001) substrate was investigated, and we observed similar NHz decomposition
energy barriers (0.61 eV), but a much more facile H, associative desorption barrier (0.69 eV vs 5.89 eV).
H, generation from the free-standing monolayer would instead occur through a diffusion process with
an energy barrier of 3.36 eV. A detailed analysis of the electron density and charge distribution along the
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1 Introduction

Several green energy technologies employing hydrogen to dec-
arbonise transport and industry are of considerable economic
interest. However, H, has a low energy density by volume
(2.4 kWh I™")" and is difficult to store and transport, therefore
more effective chemical storage methods are required. Ammonia,
which can be stored as a liquid and contains 17.65% H by mass,
can provide a convenient source of H,.> Decomposition of
ammonia will only produce H, and N,, the latter a non-toxic,
non-greenhouse gas. However, decomposing NH; is difficult to
achieve, often requiring rare transition metal catalysts such as Ru
or Te.? Furthermore, often further steps are required to purify H,
before use. Clearly, there is a need to design materials that can
simultaneously decompose ammonia and produce pure H,.
Hydrogenation reactions involve the addition of H, to an
element or molecule (generally an unsaturated compound) and
are widely used in the food,* petrochemical,® and fine chemical
industries.® For enabling hydrogenation, a catalyst is employed
to activate molecular hydrogen and allow the reaction to
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reaction pathways was carried out to rationalise the substrate effects on the catalytic reaction.

proceed. A range of metal-based catalysts make a variety of
hydrogenation reactions possible, including: the conversion of
alkenes to alkanes using Pt,”® carboxylic acids to alcohols or
alkanes using Re/Pd,” and phenols to cyclohexanone/cyclohex-
anol using Rh.'® Such catalysis enables new synthesis routes
and the production of high-quality feedstocks for fine chemical
industries and mass-produced products such as Nylon.

However, the decrease in the availability of metals such as
Pt, Pd, and Re, combined with an increase in prices due to high
energy demands,"” and local environmental damage,”> has
reduced the appeal of these catalysts. Greener and more sustain-
able alternative materials with similar catalytic properties need to
be found. Hexagonal boron nitride (hBN) nanosheets are of
interest for applications including electrical,"® optoelectronic**
and spintronic'® devices. hBN consists of sp hybridised N and B
atoms forming 2D sheets.”® Layers of hBN stack in an ABAB
pattern held together by van der Waals forces.” Charge localisa-
tion gives hBN a large experimental band gap of 6 eV.'® The
fabrication techniques used to produce monolayer hBN include
chemical vapour deposition,"® direct reaction,® and mechanical
methods.*" Additives can be added during sonication to aid the
exfoliation of hBN to nanosheets. Ammonia facilitates hBN
exfoliation via a Lewis base mechanism.>* The methods used to
produce hBN can result in a range of thicknesses, with the
fabrication of monolayer hBN possible.>?

Despite the recent advances in the fabrication process of hBN,”*
hBN sheets often contain a range of defects, including impurities,
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vacancies, edges and grain boundaries.”” These defects have been
investigated as metal-free sites for a wide range of reactions, such
as; the hydrogenation of alkenes,*® capture of CO,,>” conversion of
methane to methanol,?® and N, fixation to NH;.?° Ball milling has
been established as a way of creating additional defect sites.*>'
Longer milling durations have shown increased activity and
selectivity for the nitroaldol reaction at 100 °C.*” Clearly, reactions
of hBN defects are possible under achievable conditions.

A range of vacancy defects including boron vacancies (V3)
and nitrogen vacancies (Vy) have been observed using high-
resolution transmission electron microscopy.*”* V and Vy have
been shown to react with atmospheric components to create
catalytically active sites; for example, carbon sites can be intro-
duced by the reaction of Vg with CO,.%® These sites can then
catalyse NO reduction by CO to form N, and CO,.”” These
promising results have sparked interest in hBN as a heterogeneous
catalyst. Pristine hBN has several properties which are intrinsically
suited for a catalyst, including high thermal stability,"**® a
low coefficient of thermal expansion,®” and high specific surface
area.*® The range of active sites available and the physical stability
make hBN an excellent candidate for industrial catalysis.

hBN with a boron antisite defect where a nitrogen is replaced
with an additional boron atom has been explored as a potential
site for hydrogen release from NH; using density functional
theory (DFT).>® NH; is chemisorbed onto the antisite, and H,
can be released by overcoming a calculated energy barrier of
0.65 eV, leaving behind a NH species which requires an energy
of 4.68 eV to remove and regenerate the original site. In this
study, we focus on the application of vacancy defects as active
sites for the dehydrogenation of ammonia. Each dangling bond
on Vi and Vy defects can be hydrogenated to become more
stable.*® Hydrogenated Vg can behave as H donor sites, able to
hydrogenate a range of alkanes at high yields as shown by
experiment and supported with DFT.>® However, an efficient
way of creating hydrogenated V defects has yet to be proposed.

In addition to Vy and Vg defects, larger vacancies such as BN
divacancies (Vpy) and triangular (Vy.sp) have been the subject
of previous research, with the Vpy defect shown to be more
stable under neutral and nitrogen rich conditions.*' Calcula-
tions have shown that Vy vacancies can migrate much more
easily than Vn.*2 Therefore Vi can become trapped when
contacting a Vy, forming Vgy through a mutual annihilation
process. This process of forming Vpy from Vg and Vy has been
used to justify the low concentration of paramagnetic centres
measured in irradiated hBN.*® Vi has been investigated for
use in H, activation and production, requiring an energy
barrier of approximately 400 k] mol " to be overcome to release
H, and regenerate Vpy.'* Dehydration of alkanes to alkenes
using Vpy sites has also been investigated as a metal-free
alternative to commercial production of alkenes.** An activa-
tion energy barrier of 112.1 k] mol " (1.16 eV) was found to
convert ethane (C,Hg) to ethene (C,H,), resulting in a hydrated
Ven- Given the stability, properties and previous work on Vgy,
we expect Vy vacancies to be a source of novel reactivity.

Dehydration of ammonia borane (H;N-BHj;) by Vi, Vs and Vs
has been investigated using DFT as a way of producing H,.*®
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The results showed low energy barriers to transfer 2H to defects
in the hBN sheet followed by further reaction to release a single
H,. However, only 2 of the 6 available hydrogen atoms are
released, leaving behind a H,N-BH, species. The incompleteness
of the reaction and the limited uses of ammonia borane in
industry hinder its practical and widespread adaption as a fuel
source. Conversely, ammonia is widely used in industry, most
notably in the production of fertilisers and has been shown to
decompose completely.?” Literature has investigated the use of
NO and NO, to repair Vy defects, ultimately ‘healing’ the vacancy
and producing oxygen.*® This process is energetically facile with a
rate-limiting barrier of 0.82 eV. Ammonia has the potential to
behave similarly and produce hydrogen.

Our computational study shows that the Vi defects of hBN
can provide an excellent site for the reaction of ammonia to
form a hydrogenated Vy site or H, depending on surface
temperature. The hydrogenated V; can then be used as a source
of H, for green energy and key hydrogenation reactions such as
the hydrogenation of alkenes to alkanes.

2 Computational methodology

First-principles electronic structure calculations were carried
out using CASTEP.*® The PBE functional®® was used to treat
exchange and correlation in combination with the Tkatchenko
and Scheffler dispersion correction method.>" The plane wave
basis set was expanded to a cut-off energy of 400 eV using
Vanderbilt ultrasoft pseudopotentials.”® All calculations used a
Monkhorst-Pack k-point sampling of the first Brillouin zone®*
with a uniform grid of (10 x 10 x 1) or (4 x 4 x 1) for modelling
(1 x 1) and (5 x 5) unit cells, respectively. The surface
structures were optimised until the maximum force on each
atom was less than 0.025 eV A™* and the total energy changed
by less than 1 x 107° eV. The transition states along the
reaction pathways were calculated with the Linear and Quad-
ratic Synchronous Transit (LST/QST) algorithm, with a force
tolerance of 0.1 eV A™*. A (5 x 5) supercell was employed for all
defect calculations, with a vacuum region of at least 20 A to
separate the periodically repeated images and avoid spurious
interactions.

Adsorption energies E g were calculated using the standard
formula:

Epas = Eap — Ea — Ep (1)

where E,p is the energy of the adsorbed species, E, and Ey are
the energy of the dissociated species.
Formation energies E¢ were calculated using the formula:

E¢=Ey — Eppn t+ nEn t+ npER (2)

where Ey is the energy of a vacancy or system, Epgy is the energy
of the pristine hBN sheet, ny and ng are the number of nitrogen
and boron atoms removed to create a vacancy respectively, Ey is
the energy of an isolated N, molecule, and Ey is the reference
energy of a boron atom in its a-rhombohedral phase.>*
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3 Results and discussion
3.1 Ammonia decomposition on hBN

Initially, a (1 x 1) cell consisting of a single boron and nitrogen
atom was converged with respect to cell size and k-points.
When optimised, a bond length of 1.433 A and lattice parameter
of 2.483 A was achieved, in close agreement with experimental
values.”® It is well established that GGA functionals such as PBE
underestimate the band gap; our value of 4.5 eV is in close
agreement with other DFT studies.’>® Each vacancy was con-
structed by removing the corresponding atoms, and the energy
converged with respect to cell size and k-points.

The two possible mono-vacancies can be seen in Fig. 1. Vy
has D;, symmetry and B-B distances of 2.367 A around the
vacancy site and a magnetic moment of 1 7i/2. In contrast, Vg
has C,, symmetry, two N-N distances of 2.786 A and one of
2.845 A, with a magnetic moment of 1 7/2, due to Jahn-Teller
effects. The geometry and properties of these vacancies is
consistent with the literature.”®*”>® The E; of Vy and V; are
8.63 eV and 9.75 eV, respectively. Therefore, Vy is more stable,
in agreement with previous works.>*"®* Vg can be formed by
removing a pair of adjacent B and N atoms achieving a N-N
distance of 2.379 A, B-B distances of 2.052 A, B-N distances of
3.099 A, an overall magnetic moment of 0 /2, and C,, sym-
metry, consistent with previous calculations.®® The B-B dis-
tance is shorter due to a weak covalent bond, and there is no

Fig. 1 (a) Pristine hBN sheet. (b) Vg (Ef = 11.83 eV, spin = 0 /i/2) defect. (c)
and (d) are Vg (Ef = 9.75 eV, spin = 1 7/2), and Vy (E; = 8.63 eV, spin = 1/i/2)
respectively. Boron atoms are shown in green and nitrogen atoms shown
in grey.
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overall magnetic moment as the electrons are all able to pair.
The E¢ of the divacancy has been calculated to be 11.83 eV,
approximately 2 eV higher than the mono vacancies consistent
with literature.®*®® The combined formation energy of Vg and
Vn is 18.38 eV, much higher than that for a Vg, thus the
probability of forming a Vgyx defect is higher than forming
separate Vg and Vy defects, as has been previously suggested.®

Firstly, the adsorption of ammonia above a pristine hBN
monolayer was considered. A range of sites and orientations
were investigated. The most stable physisorption site can be
seen in Fig. 2a with an Eaqgs of —0.172 €V. As in previous work,
the most stable site is above the B atom.>®®®"®® However, we
found the configuration with hydrogens orientated towards the
hBN is preferred by 0.015 eV, with a N distance of 3.34 A from
the surface. In terms of NH; orientation upon adsorption,
literature results vary depending on the exchange and correlation
functional, basis set, and tolerances used, but they generally
agree with our results. The barrier to invert the H-H bonds
(umbrella inversion) is small and was calculated to be 0.158 €V,
similar to values calculated for an isolated ammonia molecule.®
Fig. 2b and d show the charge accumulation (blue) and charge
depletion (red) of ammonia above hBN, with respect to isolated
ammonia in the gas phase. The difference in intensity and

3.34 A

12.92 A

—O=0=0-

Fig. 2 (a) The most favourable orientation of ammonia above a pristine
hBN sheet has the three N—H bonds pointing towards the surface and an
adsorption energy of —0.172 eV at a distance of 3.68 A from the surface.
(c) Inverted ammonia adsorption, with an adsorption energy of —0.157 eV
at a distance of 2.92 A from the surface. These orientations can be inter-
converted by overcoming an energy barrier of 0.158 eV. (b) and (d) show
charge accumulation (blue) and charge depletion (red) with respect to
isolated ammonia (isosurface cutoff 0.001 e A~3).
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topology of the charge accumulation reveals a much stronger
dispersion interaction when the hydrogen atoms are orientated
towards the hBN. The ammonia has a partial charge of 0.13 e and
0.06 e when the hydrogens are orientated towards and away from the
hBN, respectively. The greater partial charge is indicative of stronger
dispersion interactions, resulting in increased stability when the
hydrogen atoms are orientated towards the hBN monolayer.

Several sites and orientations of ammonia above Vgy were
considered including on top of B, on top of N, the centre of the
vacancy and between N-N, B-B and B-N atoms. Optimised
structures gave an Enqs of —0.25 eV for the most stable adsorp-
tion geometry. The nitrogen atom is positioned almost directly
above the vacant nitrogen position of the Vgy at a height of
2.76 A. Contrary to what was observed for NH; physisorption on
pristine hBN, ammonia adsorbs on top of a divacancy in a
slightly tilted configuration to enable the lone pair on the
nitrogen to interact with the electron-deficient B-B bond,
forming a weak intermolecular bond. Each of the three N-H
bonds are consequently pointing away for the vacancy. This
geometry is the first step of the deportation reaction which
mechanism is illustrated in Fig. 6 and in Fig. S1 of the ESL}

Next, the reaction of NH; and Vgy was investigated. A
number of pathways, products and intermediates were considered
in order to find the minimum energy pathway and the most
plausible reaction mechanism. The first intermediate is produced
by breaking the strong N-H bond to produce a chemisorbed NH,
and H species. The surface boron atom plays an active role in
stabilising the transition state (TS1) by forming a bond to
nitrogen and being ready to accept the deprotonated hydrogen
atom as seen in Fig. 3. The resulting energy barrier is 0.52 eV
and is the highest barrier to NH; dissociation.

As the barriers to NH; desorption and dissociation are
0.25 eV and 0.52 eV respectively both of these processes are
competitive. Therefore the kinetics of the aforementioned
reactions we considered to suggest the formation rate of the
NH, and H species on the surface. Rate coefficients were obtained
by means of the Transition State Theory, at the temperatures of
600 K, 800 K, 1000 K and 1200 K which were possible operation
temperature values of catalytic H, production by methods as
described in the ESLT It was possible to suggest that, at 600 K,
the complete convergence of the adsorbed NH; into NH, and H,
was obtained, at roughly 400 seconds (6.6 minutes), whereas,
complete convergence was achieved in 0.4 seconds at 1200 K as
illustrated in Fig. S2 of the ESL{ Therefore, NH; is expected to
dissociate into NH, and H in a reasonable amount of time.

The second barrier of 0.15 eV over TS2 reflects the migration
of a hydrogen atom to satisfy a nitrogen dangling bond. The
third transition state (TS3) reflects the migration of two hydro-
gen atoms to satisfy all the dangling bonds of Vi and form a
stable hydrogenated boron vacancy after overcoming a small
energy barrier of 0.04 eV. TS3 involves the migration of an H
breaking one H-N bond and forming a second N-H bond on
the other side of the vacancy with the migration of a second H
breaking a B-H bond and forming an H-N bond in place of the
original. Both migrations in TS3 are expected to take place in a
single step as no relaxed geometry of a single migration was
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Fig. 3 (a) the geometry and (b) the electron density isosurface (0.5 e A~3) of
the transition state TS1 for the dissociative chemisorption of ammonia over a
hBN Vgn. The energy barrier is 0.52 eV and the limiting step for ammonia
disassociation. The geometry of this intermediate shows puckering of the
anchoring boron atom 0.4 A above the plane as the N-B bonds are stretched
away from their equilibrium positions. The electron density isosurface shows a
weak orbital overlap between the ammonia nitrogen and a hydrogen atom
indicative of the first deprotonation step. Once this transition is overcome, the
structure collapses to create an adsorbed NH, and H.

observed. The reaction pathway leads to the formation of a
hydrogenated Vg, with a AE reaction of —8.11 eV and can be
seen in Fig. 6.

Following the creation of a hydrated Vg vacancy, the three
remaining hydrogen atoms could diffuse away sequentially; the
possible paths are shown in Fig. 4. Considering the first
diffusion (Fig. 4a) the hydrogen could either move on top of a

Energy (eV)

Energy (eV)

Energy (eV)

Reaction coordinate

Fig. 4 Sequential diffusion of the first (a), second (b) and third (c) hydro-
gen atoms away from the hydrogenated Vg vacancy to Hya or Hyp sites.
Transition states are identified by . Diffusion to a Hyp site is preferred in
each case with an increasing energy barrier increasing with each diffusion
event (3.40 eV 3.63 eV and 3.88 eV).
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nitrogen atom that is adjacent to the vacancy (Hya) with energy
barriers of 3.44 eV (TS5) or move directly away from the vacancy
onto a nitrogen that is towards the pristine sheet (Hyp) with
energy barriers of 3.36 eV (TS4). No relaxed structures where the
hydrogen atom had migrated to the boron atom were observed
in geometry optimisations. The boron atom refuses to accept
the hydrogen as its p, orbital is empty. The average bond
population of the B-N bond increases from 0.90 e where a N-H
bond is present to 1.15 e; this compensates for the loss of
connectivity and creation of a dangling bond. The nitrogen atoms
surrounding the vacancy have available and occupied p, orbitals,

7AOAC‘4
A AR A A
< OAG‘AO OAOAUA
% Q'AOAO'AOAH
& e

2.45

Reaction coordinate
Fig. 5 Combination of two H,qgs to create H, and desorb from a pristine
hBN surface following diffusion from a hydrogenated Vg vacancies.
Transition states are identified by . The AE of the reaction is —2.04 eV.
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these bind to the diffusing hydrogen. Therefore, the hydrogen is
not accepted by the boron, and moves onto a surrounding
nitrogen instead. We found that the Hyp pathway has a lower
energy barrier by 0.07 eV (2.10%) and is the dominant route. This
slight difference in transition state stability is attributed to a very
weak stabilising B-H bond with a population of 0.11 e that is
present in TS4 but not TS5. The trend of hydrogen diffusion
following the Hyp pathway continues as hydrogen’s are removed
from the vacancy as TS6 is higher in energy than TS7 by 2.29%
and TS8 is higher in energy than TS9 by 1.45%.

The average energy barrier to diffuse increases as the number
of hydrogen atoms increases from 3.40 eV (TS4-5), 3.63 eV (TS6-7)
and 3.88 (TS8-9). Hydrogen diffusion creates nitrogen dangling
bonds the loss of connectivity destabilises the vacancy resulting
in higher barriers hindering further diffusion steps. Diffused
hydrogens could then migrate across the surface, where they may
find another vacancy or hydrogen. In the latter case, it has been
found that two surface hydrogens can desorb from a pristine hBN
surface with an energy barrier of 0.41 eV and form H, as shown in
Fig. 5. This barrier reflects the energy required to break B-H and
N-H bonds. The AE of the reaction is —2.04 eV; hence it is
thermodynamically favourable for surface hydrogen to desorb
as H,. Fig. 6 shows the reaction scheme from ammonia adsorp-
tion to diffusion of the first hydrogen via a hydrogenated Vjy
vacancy.

Our results show that dehydration of ammonia followed by
the insertion of a nitrogen atom into the Vgy to form a
hydrogenated Vy is energetically facile as N becomes part of

TS1
A A AQ'AOAC)&
? X \"ﬁ,kokqﬁ
(‘J’A ")’Ao’A 0.52 152
O,AOA‘OAOAOAOf
2.80 4 V:,A‘wko Q,A;Q,,
—_ i i j?'#O‘AOA TS3
> ¥ N 4015 A A A A
e LTI A LA
a 158&: A o N g
: 1 A K
c i~ o~ =
] ~ N ~ 04
TS4
8.11 8.63 o*@*itt
5.83 5.98 A Ay A A_A
4.40 4.44| 4.4 QAO i S
A A A 1.75 o)a\vb“@'A
'R 3.36
Y N N 1.61
_________________________________________________M _________________

Reaction coordinate

Fig. 6 The reaction pathway of ammonia with a Vg to produce a hydrogenated Vg defect in monolayer hBN. Transition states are identified by f and
labelled TS1-4. The activation energy for the reaction is 0.52 eV reflecting the energy required to deprotonate a hydrogen atom from ammonia.
Subsequent steps occur with a negligible energy barrier to produce a hydrogenated boron vacancy with a AE reaction of —8.11 eV. A hydrogen atom can

then diffuse away from the vacancy after overcoming an energy barrier of 3
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the lattice. Subsequent removal of H, from Vj is more challen-
ging to achieve and requires higher temperatures.

3.2 Ammonia decomposition on hBN/Ru(0001)

So far, the hBN system studied is that of an isolated “free-
standing” monolayer. However, this does not represent the only
or the most probable case for technological applications in
catalysis. In practice, epitaxial single-layer hBN is typically grown
and employed as a catalytic material on a metal substrate.
Currently, high-quality hBN surfaces can be epitaxially grown
by CVD on a Ru(0001) surface.”® Therefore we expanded our
investigations to include vacancies over a Ru(0001) substrate.

Ru(0001) has a hexagonal-close-packed hcp crystal structure.
It has been found that the most stable hBN over Ru(0001)
configuration occurs when boron atoms continue the hcp
stacking arrangement and nitrogen atoms sit on the adjacent
top site directly above the Ru in the layer below.”"””® Charge
transfer between hBN and Ru(0001) leads to repulsive/attractive
forces acting on the nitrogen/boron of the hBN overlayer.”
Consequently, the boron atoms are marginally closer to the
surface than the nitrogen. It is important to note that larger cells
of hBN/Ru(0001) lead to the formation of a 12 x 12 nanomesh,
however, experimentally the nanomesh consists of large pores
2.2 A above the Ru(0001) surface,”" a similar distance to our
calculated value of 2.17 A and where vacancies would have
adequate space to form.

The Ru(0001) lattice is 8.5% larger than that of hBN. This
lattice mismatch stretches the hBN N-B bonds to match those
of the Ru(0001) surface below in order to create N-Ru bonds.
The Mulliken atomic charge distributions in boron and nitro-
gen atoms change from 2.18 to 2.63 e (+20%) and from 5.82 to
5.64 e (—3%) respectively, when comparing pristine hBN to
pristine hBN/Ru(0001), showing that the B-N bond becomes
more polarised as a consequence of the substrate interaction.
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The difference in populations reflects the reduction in B-N
bond strength when above a Ru(0001) surface due to the addi-
tional strain caused by the substrate. The Mulliken charges on
the boron and nitrogen atoms change dramatically (from 0.82 to
0.37 e for boron and from —0.82 to —0.64 for nitrogen). The
atomic partial charges indicate that the nature of hBN interlayer
bonding has changed due to the Ru(0001) layer below. As with
the isolated monolayer, vacancy defects can be introduced when
above a Ru(0001) surface with E¢ of 2.37 eV, 3.45 eV and 5.38 eV
for Vg, Vi, and Vpy defects, respectively. These energies are lower
than for a monolayer (—63% on average), owing to the added
stability provided by the Ru layer below.

The calculated pathway for the reaction of NH; with a hBN
Veny on a Ru(0001) surface can be seen in Fig. 7 showing
intermediates and transition states.

As with the monolayer, several adsorption sites and orienta-
tions of ammonia on a hBN/Ru(0001) surface were considered.
Optimised structures gave an Exqs of —0.52 eV for the most
stable adsorption geometry. This is indicative of strong physi-
sorption with NH; being adsorbed more strongly onto hBN/
Ru(0001) than a hBN monolayer with an E,qs of —0.25 eV. This
difference in adsorption energy is attributed to the increased
polarisation of the B-N bonds; thus, the interaction between
the ammonia lone pair and the electron-deficient boron atoms
of the vacancy is stronger.”* Similar to the monolayer, ammonia
is physisorbed onto the hBN/Ru(0001) surface with a slightly
tilted orientation allowing the nitrogen lone pair to point
towards the B-B bond at a height of 1.90 A above the surface,
as can be seen in Fig. 8.

Unlike adsorption onto an isolated monolayer, NH; chemi-
sorbed state with an adsorption energy of —1.57 eV was also
observed as shown in Fig. 8b. The chemisorbed state has the
ammonia’s nitrogen bonded with one of the vacancy’s boron
atoms at a height of 1.07 A and an average H-N-B bond angle of
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Fig. 7 The reaction pathway of ammonia with a Vgn hBN defect above a Ru(0001) substrate. Transition states are identified by & and labelled TS10-14.

The ammonia is readily chemisorbed onto the surface after overcoming a |
sequential deprotonation steps. The highest energy barrier is 0.61 eV and re
reaction is —3.21 eV. H, can then associativity desorb by overcoming an ene
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ow energy barrier of 0.02 eV. A hydrogenated Vp defect is produced by
flects the energy to deprotonate the final hydrogen atom. The AE of the
rgy barrier of 0.69 eV.
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Fig. 8 NHsz over a hBN/Ru(0001) surface. (a) and (b) physisorption and
chemisorption of NH3 respectively. (c) A hydrogenated Vg hBN monolayer
above a Ru(0001) substrate. The reaction proceeds via physisorption and
chemisorption followed by a series of deprotonations to (c).
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110.3°. This chemisorption step is easily achieved by over-
coming a very low energy barrier of 0.02 eV as only inter-
molecular repulsion needs to be overcome in TS10. The existence
of a chemisorbed NH; species can be explained by the overall
weaker N-B bonding in the hBN lattice due to stretching to fit the
Ru(0001) surface unit cell, resulting in average N-B distances of
1.57 A (9.8% longer compared to the optimum bond length of
1.43 A, which makes the B atoms more electrophilic, binding to
the ammonia more readily. Additionally, the N-Ru bond
reduces the electron density available to the nitrogen for
binding with boron atoms. Subsequent deprotonation of a H
atom to a chemisorbed NH, species occurs with a barrier of
0.21 eV (TS11) to saturate a dangling bond on the nitrogen
occurs. This results in a B-NH, and a N-H satisfying half of the
dangling bonds in the vacancy. Next, the NH, rotates around the
B-N bond and binds to the baron atom on the other side of the
vacancy after overcoming an energy barrier of 0.36 eV (TS12).
The next step involves breaking a second N-H bond to satisfy
the final dangling bond and hydrogenate the vacancy in TS13.
For the decomposition of NH; on hBN/Ru(0001) TS13 has the
highest barrier of 0.61 eV due to the stability of the final
intermediate and change from sp’ to sp>. The product of the
reaction is similar to that of the previous mechanism investi-
gated for the monolayer (Fig. 6), with hydrogen atoms satisfying
the dangling bonds of the Vi pointing away from the Ru as
shown in Fig. 8c. The final structure has an E g5 of —3.73 eV.
The difference in pathway and energy barriers reflect the impact
of the substrate. The small lattice mismatch between hBN and
Ru(0001) allows the hBN monolayer to map onto the Ru(0001)
lattice. Consequently, the B-N bonds stretch away from the
ideal free-standing hBN lattice vectors causing, an overall weak-
ening of the B-N bonds, affecting the band structure and
electron density in the epitaxial layer in agreement with pre-
viously reported by experimental measurement.”® The change in
electronic structure stabilises key intermediates for the reaction
making a chemisorbed state possible which was not observed
for the isolated monolayer. Despite these differences in mecha-
nism, the product of NH; decomposition on suspended hBN
and hBN/Ru(0001) is similar and correspond to the creation of a
hydrogenated Vy vacancy.
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Fig. 9 NHz over a hBN/Ru(0001) surface. (a) and (b) physisorption and
chemisorption of NH3 respectively. (c) A hydrogenated Vg hBN monolayer
above a Ru(0001) substrate. The reaction proceeds via physisorption and
chemisorption followed by a series of deprotonations to (c).

Hydrogen desorption from a hydrogenated Vgy over a
Ru(0001) surface was considered. The three surface hydrogen
atoms are orientated away from the Ru(0001) substrate below
(Fig. 8c). Two of the hydrogens were then found to desorb from
the surface as H, after overcoming a low energy barrier of
0.69 eV in TS14, producing H,. As with the monolayer, the
remaining hydrogen atom could migrate across the surface and
combine with a second hydrogen adatom, form H,, and desorb.
The H, desorption barrier from a pristine hBN/Ru(0001) sur-
face was calculated to be 0.91 eV as shown in Fig. 6. The barrier
for hydrogen to combine and desorb from the surface is higher
than that for hBN/Ru(0001) than for the monolayer due to
greater filling of the B p, orbital.

Alternatively, sequential diffusion of the final three hydro-
gen atoms was also considered. Unlike the monolayer where
only Hya and Hyp arrangements were found to be stable, the
Boron atom adjacent to the vacancy has been found to accept a
hydrogen atom Hg,. Both of these routes are shown in Fig. 10
with the transition state of the Hp, route lower in energy by
0.31 (6.5%) eV. This change in boron activity is due to B-Ru
bonding which populates the B p, orbital. As this orbital is now
populated, it can be used to bond with a diffusing hydrogen.
After leaving the vacancy, the hydrogen atom would then
diffuse over hBN and combine with another diffusing hydrogen
after overcoming an energy barrier of 0.91 eV as shown in Fig. 9.
Here unlike the monolayer, direct desorption of H, is preferred

Energy (eV)

2.28 . ¢ @ &
0.99 ot 0.37

Hya Reaction coordinate Hga

Fig. 10 Diffusion of hydrogen from a hydrated Vg vacancy via Hga and
Hna pathways. Transition states are identified by %. The Hya pathway has
an activation energy of 2.59 eV and a AE reaction of 0.99 eV. The Hga
pathway proceeds with an activation energy of 2.28 eV and a AE reaction
of 0.37 eV.
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with a low energy barrier of 0.69 eV compared to the diffusion
process with barriers of 2.28 eV and 0.91 eV.

Attempting the associative desorption of H, from the hydro-
genated V5 hBN monolayer results in a very high energy barrier of
5.98 eV. In this case, the adsorbed hydrogens rearrange to bring
two adjacent hydrogens within 1.45 A of each other, overcoming
minimal activation energy of 0.07 eV as seen in Fig. S3 of the
ESI.f The two hydrogen atoms associatively desorb by overcom-
ing an energy barrier of 5.98 eV, leaving behind a boron vacancy
containing a single hydrogen atom. The transition state barrier is
much higher for associative desorption (5.98 eV) than diffusion
(3.36 eV). Therefore, hydrogens are more likely released from the
vacancy by diffusion from the isolated monolayer, in contrast to
hBN/Ru(0001), where H, associatively desorbs.

In order to explain the different reactivity of hBN/Ru(0001)
compared to the free-standing hBN, we analysed the electron
density of the pristine vacancy for the two systems. Fig. 11
shows the electron density slice of Vgn. By comparing the two
isosurfaces, we can see that when over Ru(0001), the hBN
monolayer has a much lower electron density between localised
the boron atoms and can therefore bind more readily with the
incoming NH;. Additionally, the approaching ammonia experi-
ences less repulsion from the reduced electron density in the
vacancy. The lattice mismatch and consequent changes in B-N
bonding have a profound effect on the reaction pathway. The
reduced B-B bonding character and larger space provided by
the lattice miss-match allows for the ammonia to chemisorb
onto one of the boron atoms as seen in Fig. 8. The chemisorbed
NH; species is not stable for the isolated monolayer, instead,
direct dissociative chemisorption occurs after the ammonia
physisorption step. After the initial deprotonation, the effects
of the substrate are evident for all remaining steps, with
drastically different barrier heights and intermediates. The
reduced electron density on the boron atoms caused by
Ru(0001) increases the strength of the dipole-dipole bond
between the surface and ammonia. Correspondingly the Exqs
for NH; are —0.25 and —0.52 eV for the isolated monolayer and
the monolayer above a Ru(0001) substrate, respectively.

Fig. 12 shows the Highest Occupied Molecular Orbital
(HOMO) for the physisorbed ammonia above the Vpy and Vpyx
over Ru(0001). Both plots show the electron density accumulation

Electron Density (eVA-3)

Fig. 11 An electron density contour map from O to 4 e A=® of the hBN Vgy
monolayer (a) and the Vg monolayer over Ru(0001) (b). We can see that
the electron density of the B—B bond in the vacancy (circled in red) is
much higher for the isolated hBN monolayer than with a Ru(0001)
substrate below. B-B distances are 2.05 A and 2.98 A for isolated hBN
and hBN/Ru(0001).
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Fig. 12 The HOMO of physisorbed NHz over (a) Vgy and (b) Vgy over
Ru(0001) with an isosurface value of 0.02 e A~3. In both cases, the HOMO
consists of ammonia and boron orbitals, however in (b) the HOMO is
situated towards the centre of the vacancy. Showing where the ammonia
reacts to lower the energy of these orbitals. Orbitals far from the vacancy
have been omitted for clarity.

stretching from the physisorbed ammonia’s nitrogen towards the
surface boron atoms. The HOMO comprises of contributions
from both the NH; and the B-B atoms of the vacancy immedi-
ately underneath the adsorbate. The HOMO of the hBN/Ru(0001)
system includes mixing of the boron sp® orbitals with those of the
Ru, which shifts the HOMO towards the centre of the vacancy. It
follows that the reaction happens at the B-B site in order to
minimise the energy of the HOMO orbital.

Fig. 13a shows the electron density isosurface of NHj;
chemisorbed onto a hBN Vgy defect with a Ru(0001) substrate.

Fig. 13 ~3) and (b) the HOMO
(0.02 e A=3) for chemisorbed ammonia above a hBN/Ru(0001) Vg defect.
The isosurface shows N-Ru bonding and the ammonia bonded to the
surface boron atom, indicative of a chemisorbed state. The HOMO still
contains significant B and Ru character, the energy of which can be
minimalised by subsequent deprotonation of ammonia hydrogens. Orbi-
tals far from the vacancy have been omitted for clarity.

(a) the electron density isosurface (0.5 e A
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Here we can see bond formation between the NH; nitrogen and
a surface boron atom in the vacancy. The tetragonally bonded
nitrogen has a Mulliken charge of —0.85 e, and the B-N bond
has a population of 0.62 e, showing more ionic character than a
B-N hBN bond (typically 0.87 €). The result of electron donation
from the substrate is that the B-B bond of the divacantcy is
incredibly weak having been stretched to a length of 3.12 A.

Observing ammonia in a similar position above an isolated
monolayer, the nitrogen has a charge of —1.00 e and a reduced
bond population of 0.39 e in the B-N bond. Yet, the B-B bond is
strongly covalent with a population of 0.67 e. The existing B-B
bond is therefore favoured over forming the new B-NH,.
Furthermore, the ammonia’s hydrogens are closer to the nitro-
gen dangling bonds on the other side of the vacancy. For the
reaction to proceed, a hydrogen must deprotonate from the
ammonia to form a stable surface intermediate as seen in Fig. 6.
Fig. 13b shows the HOMO of chemisorbed NH; above hBN/
Ru(0001). The HOMO consists of mixed Ru and B atomic orbital
characters, similar to that of the physisorbed of NH; Fig. 12b.

The second key difference between the monolayer hBN and
hBN/Ru(0001) is the height of energy barrier for associative
desorption of H, from the hydrogenated V. The latter system
only requires an energy of 0.69 eV, while the former requires an
energy of 5.98 eV. Clearly, the Ru(0001) has a significant role to
play in aiding the desorption of H,. The N-Ru bonding stabi-
lises the Vi defect by partially satisfying the nitrogen dangling
bonds as evidenced by the average Mulliken charge on the N-H
bonded nitrogen staying around —0.74 e as the desorption
proceeds. In contrast, the free-standing hBN monolayer values
vary from —0.88 to —0.90 e. The differences in bonding
contributes to dramatically reduce the H, desorption energy
barrier between the two hBN systems. Fig. 14 shows the change
in energy of a Vgy as a function of the number of hydrogens
adsorbed on the divacancy. As the number of hydrogen atoms
increases, so does the stability of the Vpy. The defect stabilisa-
tion effect is much more pronounced for the monolayer than
hBN/Ru(0001).

hBN monolayer
7 3¢hBN/Ru(0001)

N~ w IS (e}

Change in binding energy (eV)

-

0 1 2 3
Number surface Hydrogens

Fig. 14 The change in energy with the number of hydrogen atoms
chemisorbed in a Vg for both a hBN monolayer and hBN/Ru(0001). There
is a trend where with decreasing number of hydrogen atoms, the energy of
the site increases. The effect is more pronounced for the monolayer than
for hBN/Ru(0001) due to stabilisation from the Ru and steric effects of
neighbouring hydrogen atoms.
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To reduce steric clashes, the hydrogenated monovacancy
positions hydrogen atoms above and below the hBN honey-
comb maintaining an average H-H distance of 1.88 A. When the
Ru(0001) substrate is included in the calculations, the hydrogen
atoms can only adsorb above the hBN plane (see Fig. 8), resulting
in an average H-H distance of 1.74 A. The increased H-H distance
reduces the dipole-dipole interaction of the hydrogen atoms and
the overall energy of the monolayer structure. In contrast, despite
the larger hBN/Ru(0001) unit cell, the H-H distance is shorter,
resulting in greater steric hindrance and reducing the change in
binding energy. Overall, the energy of the system decreases by a
smaller amount as hydrogens are added for Vz hBN/Ru(0001)
compared to the Vg monolayer. The combination of electronic
and steric effects allows H, to desorb from a hydrogenated Vs with
a lower energy barrier in the hBN/Ru(0001) system than for the
monolayer.

To determine if stretching of hBN affects the reactivity and
lowers the H, desorption energy of the hBN/Ru(0001) system a
cell with the Ru(0001) removed but maintaining the B-N bond
length of 1.57 A was used. Geometry optimisations with a fixed
cell size showed a difference in energy between the hydrated
vacancy and the H, desorbed state of 4.91 eV similar to that of
the monolayer (4.77 eV). Furthermore, a hBN bilayer and a hBN
monolayer with a graphene monolayer substrate was consid-
ered to compare the effect of different substrates. These
showed a difference in energy between the hydrated vacancy
and the H, desorbed state of 4.65 eV and 4.60 eV respectively,
similar to the monolayer. As the difference between the
hydrated Vg and desorbed H, states are similar to that of the
monolayer, it is presumed that the transition state energies
would also be similar. Given the similarity of the results
when considering stretching and different substrates it is clear
that the Ru(0001) has a significant impact on the reactivity
of hBN.

As NH; can readily decompose into a Vpy defect overcoming
an achievable barrier of 0.52 eV and 0.61 eV, for the monolayer
and hBN/Ru(0001) respectively. Both materials are excellent
precursors for forming hydrogenated Vy sites of catalytic inter-
est. The high hydrogen diffusion energy of 3.36 eV limits the use
of the monolayer as a source of H,. However, when a Ru(0001)
substrate is placed below the monolayer H, desorption energy
reduces to 0.69 eV, demonstrating that substrate effects can
change the catalytic activity of hBN/Ru(0001) vacancies, making
hBN a promising candidate for NH; decomposition to H,. In
fact, the energy barrier of dehydrogenation on hBN is lower than
that which has been reported for TiO,”® and Molybdenum
Nitrides”” with the H,, and is similar to that of metal
complexes.”®”® Furthermore, as the nitrogen is incorporated
into the hBN a pure product is expected.

4 Conclusions

In conclusion, using DFT calculations, we have investigated the
reaction of ammonia with a Vpy vacancy in both a “free-
standing” hBN monolayer and a hBN monolayer above a
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Ru(0001) substrate. A stable hydrogenated Vy is created in each
case before desorption of H,. The atomistic mechanism
describing NH; dehydrogenation and H, desorption has been
described in detail before discussing the key differences due to
substrate-effects, hBN bonding and geometry which result in
differing reaction pathways. The activation energy barrier for
the dehydrogenation of ammonia was found to be 0.52 eV for
the free-standing monolayer and 0.61 eV for hBN/Ru(0001).
Subsequent associative desorption of H, is facile for hBN/
Ru(0001) compared to the monolayer with barriers of 0.69 eV
and 5.89 eV, respectively. H, generation from the free-standing
monolayer would instead occur through a diffusion process
with an energy barrier of 3.36 eV. This huge difference in the
recombinative desorption barrier between the system can be
rationalised by analysing the widely differing electronic struc-
ture and bonding of the hydrogenated Vj structures. This work
shows that hBN could be an excellent candidate for generating
H, from NH; for fuel as part of the emerging hydrogen
economy and as a catalyst for hydrogenation reactions.
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