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The properties of a supported metal catalyst depend crucially on the interaction between the active
metal and the support. A case in point is Pd supported on silica, Pd/SiO,, which is widely used in
oxidation catalysis. There is a need for a broad range of computational models that describe the
interaction of Pd with silica surfaces so that active site models can be proposed and tested. In this work,
we create well-defined, reproducible, periodic models of SiO, surfaces and investigate their interaction
with Pd using dispersion-corrected DFT. We use crystalline «-SiO, as a useful starting point for creating
and estimating the adsorption properties of metals on SiO, surfaces, which can represent the specific
isolated functional groups present on more complex amorphous silica surfaces. We have modelled
a-SiO, (001), (100) and (101) surfaces containing isolated siloxane and silanol functional groups and
estimated their affinity towards the adsorption of Pd atoms regarding an isolated gaseous Pd atom and
the fcc Pd solid. This provides additional information on the ease with which Pd can be dispersed on the
surfaces in question. From our model, we characterise the surface energies of the a-SiO, (hkl) surfaces
and calculate the geometries of the Pdi/a-SiO, (hkl) adsorption site on each surface. We estimate that
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Pd;(g) will prefer to adsorb close to strained four-membered siloxane rings or on a vicinal silanol group

rsc.li/pccp of «-SiO, (101).

support surface for this application due to its low cost and
structural integrity.®” Although silica would not be expected to

1 Introduction
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One of the best-known applications of catalysis is pollution
control for the emissions from the fuel burnt in combustion
engines."® Highly refined catalysts consisting of precious
metals supported on oxides have dramatically reduced the
amount of CO and NOx emitted.® However, a remaining pro-
blem is mitigating methane emissions from incomplete fuel
combustion." As methane has a global warming potential of
84-87 times that of CO,, it is essential to drive down its release
from point sources such as combustion engines."”® Unburnt
fuel is generally controlled through oxidation catalysis.” The
catalytic conversion of unburnt fuels is well-known on silica
(Si0,)-supported palladium (Pd).”*°® Silica is the predominant
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play as active a role in oxidation as reducible supports such as
ceria,'® the interaction of the active metal with the support in
heterogeneous catalysis will influence the activity of the cataly-
tic system.®'”

Silica is a non-reducible oxide with silicon in a formal
oxidation state of Si*' tetrahedrally coordinated by 0>~
anions.>" It is well known that the local structure reflects a
high degree of covalent bonding.*'” The structure consists of
chains of corner-sharing [SiO,]*~ tetrahedra forming siloxane
(Si-O) ring structures in various sizes.® Under humid condi-
tions below 973 K, the siloxane rings can hydroxylate, forming a
variety of silanol (SiOH) functional groups.®

The silica support used in catalysis is generally synthesised
in its amorphous form through sol-gel or flame pyrolysis
techniques and is characterised by conventional analytical
methods.®”'” However, the characteristics of the Pd/SiO, sys-
tems result from interactions between metal and support at the
molecular level. Thus, molecular modelling is useful for rapidly
characterising surfaces and testing proposals for active site
structures.® This is because computer models can provide
molecular structures that are precisely defined and charac-
terised at the atomic level. These models can assist in the
clarification of the data derived from experimental techniques
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such as X-ray spectroscopy and solid-state NMR.° It is vital to
construct well-defined surfaces if this system’s characteristics
and catalytic activity are to be investigated systematically.® The
methods by which surfaces and active sites are modelled have
developed rapidly in recent decades. However, our understand-
ing of systems like Pd/SiO, remains limited.*>>°

Computational models of amorphous silica surfaces have
been constructed in previous studies.'”**”2*> The amorphous
structure was created by annealing large unit cells of B-
cristobalite at high temperatures.'” Cleaving slab models from
the resulting structures exposes surfaces with a range of
siloxane ring structures. Hydroxylation to take up Si-O dan-
gling bonds'” and the placement of OH groups at under co-
ordinated Si cations allows surface passivation. Mimicking the
reaction with H,0.'” From these computational models, var-
ious ring sizes of siloxane (03Si-O-SiO;) bridges and distinct
silanol (O3Si-OH) functional groups were identified in conjunc-
tion and their calculated vibrational frequencies compared
with experimental IR analyses. However, this approach is
computationally expensive as the periodic unit cell model must
contain more than 400 atoms to allow the surface to appear
amorphous.

A study performed by Tosoni et al.,”® describes a useful
approach to model amorphous silica that drastically
diminishes the required computational resources. Their
method involves the crystalline edingtonite as the starting
point for amorphous silica from which a variety of hydroxylated
surfaces can be obtained. From their results, the theoretical
infrared spectra were in good agreement with the experimental
spectral data obtained from dry and wet amorphous silica.
Tosoni et al. also conclude that theoretical water adsorption
energies can be underestimated if dispersive forces are
neglected.”®

An alternative method for modelling a silica support is to
use the surfaces of crystalline o-SiO, for which the relatively
small unit cell lowers the computational cost compared to
other approaches. Specific siloxane and silanol functional
groups found on the larger amorphous models can also be
isolated by cutting surfaces of specific Miller indexes of the
crystalline o-SiO,. This method has been widely used to model
the surface structure of 0-SiO, in many atomistic forcefield and
DFT computational studies.'”>”~*°

In this study, we have created well-defined and reproducible
models of silica support and used these to consider the
interaction of Pd atoms with the clean stoichiometric surfaces
and hydroxylated forms. We use the crystalline -SiO, bulk as a
starting point and use the advantage of the small bulk unit cell
to investigate the effect of slab thickness on the results from
our surface models. Through a combination of molecular
dynamics (MD) and geometry optimisation, we reconstruct 4
to 8 layered slabs of the (001), (100) and (101) Miller planes that
were cut from the a-SiO, bulk. The reconstruction produces two
distinct isolated six-membered siloxane ring structures from
the (001) and (100) Miller planes and an isolated four-
membered siloxane ring from the (101) Miller plane.*™** For
the silanol groups, we isolate two distinct geminal silanols
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(0,Si(OH),) from the (001) and (100) planes as well as a vicinal
silanol (03Si(OH)) from the (101) plane by hydroxylating the o-
SiO, surfaces. The surface energies of each slab are initially
calculated in each case as a function of slab thickness.>**4™*¢
Furthermore, we report the adsorption energy of water on the o-
SiO, surfaces that are required for complete hydroxylation.

Following optimisation of the stoichiometric and hydroxy-
lated surfaces, a single Pd atom was adsorbed on all the
possible adsorption sites available on each of the 4 layered o-
SiO, surface surfaces. We identify the optimal adsorption sites
for the Pd and closely examine the geometric properties of each
adsorption site. We include van der Waals corrections and
study their effect on surface and adsorption energy. This
approach allows us to relate Pd’s calculated adsorption energy
to the silica surface’s surface energy, showing that high surface
energy implies a higher affinity for Pd adsorption. Similarly, the
effect of hydroxyl groups on the adsorption energy of Pd to a
surface will be discussed.

2 Computational details

All first-principles calculations of the periodic models were
executed with the Cambridge Serial Total Energy Package
(CASTEP) software®” with initial model preparation using Bio-
via Materials Studio.

The Perdew-Burke-Ernzerhof*® (PBE) was employed as the
exchange correlated DFT functional.*” Plane-wave basis sets
were used to model the electronic wave functions in conjunc-
tion with on-the-fly generated (OTFG) ultrasoft pseudopoten-
tials. Tests showed that calculated energies for bulk silica and
Pd reference structures were fully converged with a plane wave
basis cut-off energy of 700 eV. This value was used for all
geometry optimisation calculations in this study. The effects
of the attractive van der Waals forces were also considered for
all periodic models by adding the Tkatchenko-Scheffler (TS)
dispersion correction.*® We will refer to the method used here
as PBE-TS. A self-consistent dipole correction was applied in all
cases where Pd was present on a-SiO, surfaces.

A Monkhorst-Pack grid was used to sample the Brillouin
zone in all the models that lacked sufficient real space
periodicity.”®>" For the bulk reference cell of o-SiO, with a
SizO0¢ stoichiometry (Fig. 1), a 3 X 3 x 4 k-point mesh was
employed in reciprocal space.”* For 1 x 1 x 1 a-SiO, slabs,
k-points were set to 3 x 3 x 1. All slabs were created with a 15 A
vacuum gap.

For the Pd bulk, the fcc unit cell containing four atoms,
a 6 x 6 x 6 k-point mesh was sufficient to converge the
calculated lattice energy. For Pd adsorption to silica surfaces,
the adsorption for Pd on the slab models produced for each
surface was compared with a larger surface area (2 x 3 x 1)
supercell to allow the interaction between periodic images to be
assessed. For supercell calculations, only the I'-point (k-points:
1 x 1 x 1) was used.”

The reference structures for H,O representing the gaseous and
liquid phases (see ESL Section S1) of the water adsorbate were

This journal is © the Owner Societies 2023
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Fig. 1 The periodic SizOg bulk of crystalline a-SiO, as calculated with
PBE-TS(@a=b=498A c=540A o =p=90°y =120°. Cell vector a is
into the page, label “0" marks the origin of coordinates. Atoms are
coloured Si: yellow and O: red.

calculated using the same plane wave cut-off as silica calculations
and with only the reciprocal space I'-point included.>*"?

The BFGS minimisation algorithm was used for all optimisa-
tion calculations. The geometry relaxation was accepted when the
forces on all atoms were calculated to be <0.01 eV A",

Molecular dynamics (MD) calculations for finding the initial
geometries of reconstructed silica surfaces were carried out
with a PBE GGA and a plane-wave basis cut-off of 300 eV.*” The
NVT ensemble was employed with a Nose-Hoover thermostat
set to a target temperature of 700 K.*” All NVT-MD calculations
were performed at the I'-point.*” Simulation times of 36 ps with
a timestep of 1 fs were found to be sufficient for surface
reconstructions to take place.

The surface energies, Eq,s, of the cleaved and reconstructed
a-SiO, slabs were calculated using:

Egab — nEvuik

Esurf = 24

with 4 = uv sin(y) (1)
where Eg., and Eng are the calculated total energies of the
surface slab model and bulk reference, respectively. The factor,
n, is the ratio of the number of formulae SiO, units in the slab
and bulk models. All slab models were constructed to be
stoichiometric with equivalent top and bottom faces so there
is no dipole across the slab. No constraints were imposed on
the atoms so both faces of the slab could relax, hence the factor
of 2 in the denominator of eqn (1). The surface area of one face
of the slab, 4, was calculated from the cell vectors defining the
2D surface cell, ¥, and v, along with the angle between them, y.

The surface energies for hydroxylated «-SiO, slabs were
calculated assuming that the hydroxyl groups have been
created by the reaction of the water on the surface. The surface
energy then becomes:

Egab — nEpux — mEn,0
2
Y 2)

Esurf =

Here, m, is the number of water molecules required to form the
surface hydroxyl groups and Ey o is the calculated energy per
water molecule for water in the reference state calculation.

The adsorption energy, E.qs, for any adsorbate, M, (H,O
or Pd) at a particular position on an a-SiO, slab was calculated
using:

Eads = (Eslab-M - Eslab - nMEMref)/nM (3)
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here Eqap-Mm, is the calculated energy for the simulation slab
with ny instances of the adsorbate in place, Egap, is the
calculated energy for the fully relaxed slab without M and Epser
is the calculated energy per species M in the reference state.
Accordingly, for the hydroxylated surface, we report the average
dissociated adsorption energy per water molecule and for the
Pd atom case, we report adsorption energies relative to a gas
phase isolated Pd atom to assess the strength of interaction
between the adsorbed Pd and the surface. We also report
adsorption energies relative to a Pd atom in the bulk fcc
structure of the metal. This gives some insight into the ease
with which isolated Pd atoms on a silica surface would agglom-
erate into nanoparticles.

3 Building surface slab models

Initially, a 1 x 1 x 1 unit-cell of crystalline a-SiO, bulk®® (see
Fig. 1) was optimised with no added constraints on the lattice
parameters to obtain a bulk structure with lattice parameters
optimised at the PBE-TS level of theory. The values for cell
constants a = b = 4.98 A, ¢ = 5.40 A, o = f = 90°, y = 120° agree
well with the experimental reference of a = b =4.91 A c=5.404,
o=f=90°y=120°"3%

To study the surface structure and relaxation of o-SiO,,
symmetric slabs were cut from the relaxed bulk on the (001),
(100) and (101) Miller planes and optimised.*® Care was taken
to ensure that all silica slabs used in this study are stoichio-
metric and non-polar, with equivalent faces at the top and
bottom surfaces of the slab. To achieve this, a bulk layer was
defined for each surface consisting of 9 atomic layers for the
(001), (100) and (101), respectively. Only slabs consisting of
an integer number of these bulk layers were used in these
calculations.

The cleaved a-SiO, (hkl) surfaces with four bulk layers are
shown in Fig. 2a-c. The lattice parameters for the slabs were
kept fixed at the optimised bulk values during relaxation to
ensure sufficient bulk properties within the slab.

Fig. 2a-c shows that the cuts used to create these surfaces
result in dangling bonds for oxygen anions and under
co-ordinated Si cations. It has been previously noted that the
surfaces may reconstruct to remove these high-energy features
by forming new Si-O-Si bridges at the surface.** These recon-
structions did not occur spontaneously when the slabs were
optimised as part of this work, suggesting there is a barrier to
the formation of these new surface features.

To explore the surface reconstruction further, the optimised
cleaved slabs, -SiO, C(hkl), were subjected to high temperature
(700 K) NVI-MD for 36 ps. During the NVI-MD runs, all the
oxygen anions with dangling bonds formed new siloxane
bridges available under co-ordinated Si cations. The new
surface structures did not break to reform dangling bonds
within the run time of the NVI-MD. The newly reconstructed,
o-Si0,(hkl), slabs were then optimised with lattice constraints
to obtain the optimised reconstructed surfaces, which will be
denoted “R”.

Phys. Chem. Chem. Phys., 2023, 25, 6121-6130 | 6123
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Fig. 2 Side view of the cleaved (C) (a—c) containing 39, 39 and 36 atomic layers respectively), reconstructed (R) (d—f) and hydroxylated (H) (g—i) a-SiO,

surfaces. (a, d and g) (001), (b, e and h) (100) and (c, f and i) (101) a-SiO, surfaces, respectively. Atoms are coloured Si: yellow and O: re

This high temperature MD approach also demonstrated that
surface reconstruction is not a unique structure. On some
occasions, the upper and lower faces of the slabs became
structurally inequivalent following the MD runs. In these cases,
new slabs were constructed by taking half of the reconstructed
slab (upper or lower section) and then symmetry operations
valid for the cleaved slabs were used to generate slabs
with symmetry-related surface structures consistent with the
reconstructions found. In this way, the surface energies of the
reconstructed slabs with equivalent surfaces on either side
could be calculated and the lowest energy reconstruction
identified. We also constructed slabs by swapping the top 4
atomic layers between slabs of differing thicknesses and reop-
timized the new structures. With these additional approaches,
we could ensure that a range of surface reconstructions had
been considered and the lowest surface energy for each slab
identified.

For a-SiO, R(001) and R(100), two distinct six-membered
siloxane rings are present on the top layer of the surface, while
a strained four-membered siloxane ring is present on the top
layer of the a-SiO, R(101) surface. Four-membered rings are not
seen in the bulk crystalline forms of silica and introduce an
edge-sharing tetrahedra motif.*>***” Such motifs have been
reported as defects in silica surfaces for samples having under-
gone high temperature (1400 K) annealing treatments and used
to assign characteristic IR bands at 888 cm™ " and 908 cm ™ '.*'
The rings form following a condensation reaction of vicinal
hydroxyl groups under these high temperature conditions.
Below 900 K, these bands rapidly disappear on exposure of
samples to water which is explained by the strained four-
membered rings being opened as surface hydroxyl groups are
reformed during the dissociative adsorption of water. Simula-
tion has also been used to follow this process with a much
lower calculated barrier seen for the formation of hydroxyl
groups from water on reaction with four-membered rings than
with higher order ring structures on model silica surfaces.*?
Despite the high level of strain seen for four-membered rings in
surface structures calculations have been used to suggest that
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edge-sharing tetrahedra may the preferred motif for construct-
ing 1-D silica chains or isolated rings.**

To examine the effect of hydroxylation on the interaction of
the surface with Pd, separate models were constructed in which
the dangling bonds of the a-SiO, C(kl) slabs were hydroxylated
by placing an H atom on the dangling O atom bonds and OH
on the under co-ordinated Si on both surfaces of the slab. The
hydroxylated o-SiO, H(%kl) slabs were optimised with cell con-
straints. For the a-SiO, H(001) and H(100) surfaces, two distinct
sets of surface geminal silanol groups were found. While for the
a-Si0, R(101), vicinal silanol groups were produced on the
surfaces. In all cases, the resulting structure could be related
to dissociating an integer number of water molecules.

The surface energies for the o-SiO, C/R/H(hkI) slabs were
calculated using eqn (1) and (2). The dependence of surface
energy on slab thickness and van der Waals interactions were
focal points for our study.

4 Results

4.1 The geometry optimisation of the a-SiO, bulk and the
cleaved a-SiO, (hkl) slabs

The geometry optimisations performed on the o-SiO, bulk
(relaxed lattice parameters) and «-SiO, slabs (fixed lattice para-
meters) cleaved from the bulk structure on the relevant Miller
planes are shown in Table 1.

Table 1 The lattice parameters of the cleaved 1 x 1 x 1 a-SiO, (hkl) slabs
structures as calculated with the PBE functional using a 700 eV plane-
wave cut-off

5-Si0, C(hkI)

Bulk (001) (100) (101)
al/A 4.98 4.98 4.98 7.35
b/A 4.98 4.98 5.40 4.98
c/A 5.40
ol 90 90 90 90
BI° 90 90 90 90
/° 120 120 90 110

This journal is © the Owner Societies 2023
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The lattice parameters calculated for the o-SiO, bulk structure
are very close to those derived by experimental methods.'**
These parameters also agree with previous modelling studies
employing PBE on ¢-SiO,. The cell vectors for the cleaved o-SiO,
slabs (4-8 o-SiO, bulk layers) were fixed to retain these bulk
properties.** Therefore, the o-SiO, slabs all have a fixed surface
area regardless of layer thickness.

4.2 The surface energies of the a-SiO, slabs

Following the reconstruction and hydroxylation of the cleaved
slabs, the surface energies were calculated as a function of layer
thickness using eqn (1) and (2). Fig. 3 shows the surface energy
dependence on layer thickness with Fig. 3a showing data at the
PBE level, and Fig. 3b data with van der Waals interactions
included (PBE-TS).

In both cases, the increase in layer thickness has a negligible
effect on the surface energy of cleaved, reconstructed and
hydroxylated o-SiO, slabs. However, in the case of recon-
structed «-SiO, slabs obtained from MD -calculations, the
variance of surface energy as a function of layer thickness is
more pronounced. As noted in the methodology section the
optimised surface structures found from the high temperature
MD simulations showed that there are multiple minima pre-
sent, and we used the techniques described there to identify the
lowest energy surface for each slab. Even so, there appears still
to be small differences in the atomic arrangements on the slabs
following this procedure that result in the variation in surface
energy seen. The absolute differences between the calculated
surface energies for slabs of different thicknesses are only
between 0.01 ] m~? and 0.04 ] m 2.

The surface energies of the cleaved a-SiO, slabs (~2.0-
2.2 J m~?) are higher than the reconstructed (~0.5-1.0 ] m™?)
and hydroxylated (~—0.25-0.1 ] m~?) surfaces. This finding is
in good agreement with previous calculations.*® The recon-
structed slabs have lower energies than the cleaved surfaces as
the reconstruction removes dangling bonds on the surfaces.
For the hydroxylated surfaces negative surface energies are
possible because of the surface energy calculation using

a)
2.16 -
t 1.6 1 = 001H
= -=-100C
E .- . —=-100R
I - .- = -
w09 L. -— - -———— . m e — » -= 100H
] .2.101C
poo oo T == 77 «.101R
0.36 -  101H
n———.—-——---——-=|===l
024
a 5 6 7 8

Number of a-SiO, bulk layers
Fig. 3
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eqn (2) which includes the reaction with water to form hydroxyl
groups. The stabilisation of the cleaved surfaces by recon-
struction and the ability of the MD simulation to cause the
reconstruction in quite short MD runs (36 ps) would indicate
that the cleaved surface will reconstruct easily under ambient
conditions.**

It is also important to note the effect of the dispersion
corrections (see Fig. 3b). PBE-TS calculations yield more posi-
tive surface energies than the corresponding PBE results at the
same layer thickness. This is because dispersion is an attractive
contribution to the inter-ion interaction energy and on surface
creation, the surface ions lose higher-order neighbours.
Increasing layer thickness also induces a slight stabilisation
in the surface energy when dispersion interactions are included
as the thicker slabs include more long-range interactions
between surface ions and those in the centre of the slab.

We consider all slab thicknesses for water adsorption in the
subsequent phase of the study. However, for palladium adsorp-
tion, only the four-layered reconstructed and hydroxylated slabs
were considered.

4.3 The adsorption of H,O on the cleaved 1 x 1 x 1 a-SiO,
slabs

The adsorption energies of water from both the liquid and
gaseous phases on the 1 x 1 x 1 o-SiO, (hkl) slabs were
calculated with eqn (3). The reference state energies per water
molecule were calculated by separately optimising a single
water molecule in isolation for the gas phase reference and a
4 X 4 x 4 array containing 64 water molecules in a periodic
simulation cell chosen to match the liquid density of water
(1 g em ™). The energy reference for the liquid phase of water
was taken from the average energy per water molecule across 14
optimisations of the 4 x 4 x 4 array. The starting geometries for
these optimisations were taken from equally spaced snapshots
from the trajectory of a 3.5 ps NVE MD calculation (7 = 300 K,
full details in ESILt Section S1). The liquid water reference
taken in this way was found to have an associated standard

E 156 1 -=-001H
3 -=-100C
RS S T =TT e = = 100R
R - -, - . -=-100H
R ;== = -=101C
0.36 - -=-101R
F===SE=---c-=-=-g====4 ~=-101H

024 ] T

5 6 7 8

Number of a-SiO, bulk layers

(a) The surface energies of the 4 to 8 layered cleaved (C), reconstructed (R) and hydroxylated (H) a-SiO, surfaces at the PBE level of theory, and (b)

the cleaved (C) reconstructed (R) and hydroxylated (H) a-SiO, surfaces with TS dispersion corrections included (PBE-TS).
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Table 2 The adsorption energies (eV) of water on 4-8 layered «-SiO, 1 x 1 x 1 R slabs with PBE and with PBE-TS approaches
H,0/a-Si0, R(hki)
PBE PBE-TS
Surface Layers: 4 5 6 7 8 4 5 6 7 8
(001) H,0(]) —0.78 —0.78 —0.80 —0.76 —0.87 —0.92 —0.87 —0.96 —0.94 —0.97
H,0(g) —-1.17 —-1.17 —-1.19 —1.15 —1.26 —1.45 —1.40 —-1.49 —1.47 —1.49
(100) H,0(]) —1.22 -1.27 —-1.28 -1.23 -1.23 -1.21 -1.29 -1.29 -1.21 -1.20
H,0(g) -1.63 —~1.66 -1.67 -1.62 ~1.62 ~1.74 -1.82 —-1.82 ~1.74 -1.73
(101) H,O0(l) —2.05 —2.07 —2.03 —2.11 —2.07 —2.06 —2.10 —2.07 —2.24 —2.10
H,0(g) —2.43 —2.45 —2.42 —2.49 —2.46 —2.59 —2.62 —2.60 —2.77 —2.63

deviation of 7.4 meV (PBE) and 5.2 meV (PBE-TS) per water
molecule.

The resulting adsorption energies of gaseous and liquid
water using the reconstructed 1 x 1 x 1 a-SiO, R(hkl) slabs as
the clean silica surface reference energies are shown in Table 2.

In all cases, it is found that water will dissociate and
chemisorb to the surface of any o-SiO, R(%kl) slab. The stabilis-
ing hydrogen bonds in the liquid water model lower the
reference energy compared to the gaseous phase calculation.
Correspondingly, the adsorption energy values relative to the
liquid state are consistently 0.39 eV (PBE) and 0.53 eV (PBE-TS)
less favourable than those for the gas state reference. The
thickness of the simulation slab has little influence on the
calculated water adsorption energy. The small variations seen
in the values with slab thickness follow the pattern seen for
the calculation of surface energy for the hydroxylated surface
discussed earlier.

The inclusion of attractive van der Waals forces on the
calculated adsorption energies is significant. For the gas phase

NSy ;

2!

o @Qw““ tl\.g, ®*®

reference, the PBE-TS calculated adsorption energy is between
0.11 eV and 0.32 eV more negative than the corresponding PBE
values. As the dispersion energy of the reference gas phase
calculation is practically zero this gives an estimate of the van
der Waals contribution to the interaction between water and
the various surfaces. In contrast, the PBE-TS values are only
0.01-0.18 eV more negative than the related PBE data, suggest-
ing that the van der Waals interaction with the surface is about
the same as the van der Waals energy of a water molecule in
liquid water.

From the data in Table 2, it is evident that favourable water
adsorption follows the trend (101) > (100) > (001), and that
the adsorption energy of water on the (101) surface is approxi-
mately twice that of the (001) surface. The water adsorption
energy for (101) is also very close to the value calculated by
Bandura et al.** (—2.26 eV) for the same surface. Thus, the
formation of vicinal silanols for the model surfaces studied
here is favoured over the formation of geminal silanol groups.
At first, this seems surprising as experimental dehydration
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Fig. 4 The top view of the extended representations of the 1 x 1 x 1 reconstructed a-SiO5, (a) R(001), (b) R(100), (c) R(101) and hydroxylated (d) H(001),
(e) H(100) and (f) H(101) slabs and the possible Pd; adsorption sites on each surface. Colours are used to identify sites with site “a": green, site “"b": indigo

and site “c” dark blue. Atoms are coloured Si: yellow, O: red and H: white. Only the topmost atoms in each case are shown for clarity.
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Table 3 The E,qs (€V) of Pd; on reconstructed and hydroxylated 1 x 1 x 1 a-SiO; slabs
Pd,/a-Si0, R/H(hk])
Reconstructed Hydroxylated
(001) (100) (101) (001) (100) (101)
PBE TS PBE -TS PBE -TS* PBE -TS¢ PBE TS PBE -TS“
Pd(g)
Site a —-0.39 —0.58 —0.35 —0.50 —0.85 —0.95 —0.67 —0.81 —0.72 —0.98 —0.57 —0.76
Site b —0.33 —0.54 —0.31 —0.56 —0.67 —0.82 —0.65 —0.80 —0.80 —-0.77
Site ¢ —0.33 —0.52 —0.23 —0.44 —0.39 —0.54
Pd(s)
Site a 3.34 3.17 3.42 3.18 2.88 2.79 3.07 2.93 3.01 2.76 3.16 2.98
Site b 3.40 3.20 3.38 3.24 3.06 2.92 3.08 2.95 2.93 2.97
Site ¢ 3.40 3.22 3.50 3.30 3.34 3.20

¢ -TS heading implies PBE-TS calculation results.

studies show that vicinal silanol groups desorb at lower tem-
peratures than do geminal.’” However, it should be remem-
bered that the vicinal groups seen on the (101) surface are
formed from the strained four-membered ring seen on the
reconstructed surface. This means that a large part of the
dissociated adsorption energy of water will be from the energy
gained by opening up the 4 membered rings.

4.4 The adsorption of Pd on reconstructed and hydroxylated
a-Si0, slabs

4.4.1 The adsorption of Pd; on reconstructed and hydro-
xylated 1 x 1 x 1 a-SiO, slabs. Following optimisation of the
reconstructed and hydroxylated slabs, the surfaces of 4 layered
a-SiO, slabs were used to study the adsorption of a single Pd
atom. An initial survey of adsorption positions for Pd showed
that the Pd atom will have an affinity for surface oxygen anions.
This allowed us to identify possible adsorption sites on each of
the 1 x 1 x 1 slab models as those shown in Fig. 4.

The adsorption energies (E.qs/€V) of Pd;/a-SiO, were con-
sidered for both Pd(s) and Pd(g) reference states and are listed
in Table 3, which also compares values from PBE and PBE-TS
calculations. From the values listed in Table 3, energy would be
required to remove a Pd atom from bulk Pd and place it on the
silica surface as a Pd; adsorbate.”® The high positive values
(2.8-3.34 eV) indicate that Pd deposited on silica would be
expected to form nanoparticles where Pd-Pd bonds can stabi-
lise the structures. Even so, relative to the gas phase, Pd atoms
will adsorb spontaneously on any adsorption sites shown in
Fig. 4, except for site b on the a-SiO, H(101) surface (Fig. 4(f),
indicated by the blue ring). This indicates that favourable
interactions between metal atoms and the surface are present
for all Miller indices.

From Table 3, it is also evident that the attractive van der
Waals forces play a significant role in the calculation of
adsorption energies of Pd,/0-SiO,(hkl). PBE-TS calculations
estimate adsorption energies of 0.03-0.25 eV more favourable
towards Pd(g) adsorption than the estimates provided by
PBE alone.

It is estimated that the adsorption of Pd(g) will, in all cases,
prefer adsorption sites of type a on the «-SiO, surface

This journal is © the Owner Societies 2023

(See Fig. 4). When the TS correction is considered, the trend
of favourable Pd(g) adsorption on «-SiO, follows the order
(101) > (001) > (100) for the reconstructed surfaces and
(100) > (101) > (001) for hydroxylated surfaces.

4.4.2 The adsorption of Pd; on reconstructed and hydro-
xylated 2 x 3 x 1 a-SiO, slabs. The Pd/a-SiO, R/H(hkl) with Pd at
the lowest energy adsorption sites from the 1 x 1 x 1 a-SiO,
slabs in Table 2 were extended to 2 x 3 x 1 supercells and
images of Pd within the supercell removed to model Pd,
adsorption at lower coverage. The supercell structures were
then reoptimized and the adsorption energies were recalcu-
lated with eqn (3). The geometries of these adsorption sites at
the lower Pd coverage were then closely examined. The adsorp-
tion sites of Pd; on the 2 x 3 x 1 a-SiO, R/H(hkI) supercell are
illustrated in Fig. 5, and the adsorption energies (accounting
for the TS dispersion correction) along with the geometric
information obtained by our calculations are shown in Table 4.

d e f

Fig. 5 The geometries of the optimal adsorption sites of Pd(g) on the 2 x
3 x 1(a) R(001), (b) R(100), (c) R(101) and hydroxylated (d) H(001), (e) H(100)
and (f) H(101) «-SiO, slabs. In each case, the local environment of the
adsorbed Pd atom and the surface siloxane ring is shown looking side on
to the slab with other atoms removed for clarity. Atoms are coloured Si:
yellow, Pd: dark blue, O: red and H: white.
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Table 4 The adsorption energies (eV) of Pd; on reconstructed and hydroxylated 2 x 3 x 1 a-SiO, slabs accounting for (TS) dispersion correction

Pd, /0-Si0, R/H(hk])

Reconstructed Hydroxylated
(001) (100) (101) (001) (100) (101)
PBE -TS* PBE -TS* PBE -TS* PBE -TS* PBE -TS* PBE -TS*
Eags Pd(g)/eV 0.03 0.06 —0.20 —0.20 -1.01 -1.16 —0.67 —0.70 —0.73 —0.76 —0.71 —0.84
Equs PC}(S)/eV 3.76 3.80 3.53 3.54 2.73 2.58 3.06 3.05 3.01 2.98 3.02 2.90
Pd-O/A 2.23 2.14 2.14 2.15 2.25 2.24
Pd-0O-Si,/° 119.14 106.66 72.89 129.1 111.2 98.32
Pd-O-Si,/° 91.23 116.65 N/A N/A N/A N/A
“ -TS heading implies PBE-TS calculation results.
Table 5 Lateral Pd interaction (eV) on adsorption site a for 1 x 1 x 1 and 2 x 3 x 1 Pd;/a-SiO, R/H(hk()
Reconstructed Hydroxylated
(001) (100) (101) (001) (100) (101)
PBE -TS¢ PBE -TS¢ PBE -TS¢ PBE -TS* PBE -TS® PBE -TS*
1x1x1 —0.26 —0.27 —0.19 —0.20 —-0.17 —-0.17 —0.26 —-0.27 —0.07 —0.08 —0.07 —0.08
2x3x1 —0.15 —0.14 —0.14 —0.14 —0.16 —0.16 —0.14 —0.14 —0.14 —0.15 —0.16 —0.16

“ -TS heading implies PBE-TS calculation results.

The adsorption energies calculated for the Pd; on recon-
structed and hydroxylated 2 x 3 x 1 a-SiO, R/H(hkl) surfaces
differ from those calculated for the 1 x 1 x 1 surface. This
suggests that interaction between Pd atom periodic images in
the smaller cell affects the results. For the adsorption energies
in Table 4, the trend of favourable adsorption is (101) >
(100) > (001) for the reconstructed and the hydroxylated a-SiO,
R/H(hkl) surfaces. The a-SiO, R(101) surface has the lowest
energy adsorption site for Pd,(g) overall with a calculated Pd(g)
adsorption energy more than 0.3 eV lower than the o-SiO,
H(101) case. The Pd,(g) adsorption energy on the o-SiO,
R(001) supercell has been calculated to be positive (0.06 eV),
suggesting a relatively low population of adsorbed metal atoms
on this surface. From the adsorption energies observed for Pd,
interacting with silanol groups, it is evident that Pd,(g) adsorp-
tion to vicinal silanols on «-SiO, H(101) (—0.84 eV) would be
preferred over adsorption to geminal silanols on the H(001)
(—0.70 eV) and H(100) (—0.76 eV) surfaces.

In addition to the adsorption energies of a Pd onto silica
surfaces, the lateral Pd interactions as well as Mulliken charge
transfers from the Pd metal to the silica surface were calculated
for the 1 x 1 x 1 and 2 x 3 x 1 periodic cells. The results of
these calculations are presented in Tables 5 and 6 respectively.
These results confirm that the 1 x 1 x 1 slabs show a notably
greater interaction between periodic images of Pd atoms than
do the 2 x 3 x 1 periodic cells. The variation on the calculated
interaction also shows a notably lower variation between sur-
face models for the 2 x 3 x 1 slabs than for the 1 x 1 x 1.

To further understand the metal surface interaction the
charge transfer between Pd; and each surface was calculated
using the Mulliken charge assigned to the Pd atom. The results
are summarised in Table 6. In all cases, the Pd atom becomes
positively charged on interaction with the surface and so has

6128 | Phys. Chem. Chem. Phys., 2023, 25, 6121-6130

Table 6 Pd to surface Mulliken charge transfer (le|) on adsorption site a
forl x 1 x 1and 2 x 3 x 1 Pdy/a-SiO, R/H(hkI)

Reconstructed Hydroxylated

(00o1)  (100)  (101)  (001)  (100)  (101)
1x1x1 0.11 0.15 0.24 0.07 0.02 0.20
2x3x1 0.13 0.07 0.35 0.06 0.07 0.20

donated electron density to the silica surface. For the recon-
structed (dehydrated) surface the effect is greatest for the (101)
surface and is particularly notable for the larger area 2 x 3 x 1
cell. In this case, the Pd adsorbs near the strained four-membered
ring on the surface (Fig. 5¢). For the hydroxylated surface the (101)
surface again has a significantly higher charge transfer to Pd, and
the most favourable adsorption energy (Table 5).

5 Conclusions

From 4, 5, 6, 7 and 8 layers of crystalline a-SiO, bulk, we cleave
surfaces on the (001), (100) and (101) Miller planesin1 x 1 x 1
unit cells. These cleaved surfaces were then reconstructed and
separately hydroxylated to isolate specific siloxane and silanol
functional groups on the top and bottom surfaces of the a-SiO,
slab models. For ¢-SiO, (001) and (100), we isolate two distinct
six-membered siloxane functional groups after reconstruction
and two distinct geminal silanols following hydroxylation.
We calculate the surface energy of the cleaved, reconstructed,
and hydroxylated surfaces as a function of slab thickness.
Our results show that the geometries and lattice parameters
obtained for the «-SiO, bulk are in good agreement with
previous experimental and computational studies in the literature.
The surface energies calculated for the o-SiO, (k/) are also in good
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agreement with previous work. We found that cleaved a-SiO, (%kl)
surfaces are stabilised after reconstruction to remove O dangling
bonds and under co-ordinated Si cations. The calculated surface
energy is lowered further by hydroxylation. The highest surface
energy was found for the «-SiO, (101) surface for both recon-
structed and hydroxylated surfaces. The number of bulk layers in
the o-SiO, (%kl) slab has a minimal effect on the calculated surface
energy. Even so, a small increase in surface stability was observed
upon increasing slab thickness when van der Waals forces were
included. This is likely due to the long-range nature of dispersion
and the increased number of interactions as slabs become thicker.

Water adsorption occurs more easily on the a-SiO, (101) to
form vicinal silanol groups as opposed to geminal silanol groups
on the o-SiO, (100) and o-SiO, (001) slabs studied here. Water
adsorption is not affected by slab thickness but is significantly
stronger for the gas phase reference when attractive van der Waals
forces are accounted for. Using the liquid phase reference for
water the dispersion interaction with the surface is approximately
balanced by that in bulk water and so only minor changes in the
calculated dissociative adsorption energy are observed.

For the adsorption of Pd on the 1 x 1 x 1 unit cells of a-SiO,
(hkl) surfaces, we determine the optimal adsorption sites for
Pd. When we consider the Pd,(g)/a-SiO, (hkl) adsorption ener-
gies in periodic systems that have greater surface areas (2 x 3 x
1 supercells), we find that the Pd; has a positive adsorption
energy on the Pd;(g)/a-SiO, (001) surface. In the case of
reconstructed Pd,(g)/a-SiO, (100), weak adsorption energies
(Eags = —0.2 eV) are observed, which are indicative of a mixed
physisorption/chemisorption  interaction. = Chemisorption
(Eaqs < —0.4 eV) is observed for all other adsorption sites.

Furthermore, it was confirmed that Pd(g) would prefer
chemisorption on the Pd,(g)/a-SiO, (101) surface regardless of
the functional group. Thus, it has been observed computation-
ally that in the case of Pds(g) adsorption, strained four-
membered siloxane adsorption sites are preferred over six-
membered siloxanes. As completely dehydrated silica surfaces
with edge-sharing tetrahedra can only be prepared by high
temperature annealing and exclusion of water from subsequent
processing this observation may have little relevance to experi-
ment. For the more technologically relevant hydroxylated sur-
faces, Pd,(g) will prefer adsorption to vicinal silanol groups on
H(101) rather than geminal silanol groups. When we compare
the adsorption energies of Pd,(g) with Pd,(s), we can conclude
that isolated Pd atoms will experience a driving force to con-
glomerate on the surface of o-SiO, and so form nanoclusters.
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