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Abstract Boron nitride nanotube (BNNT) as an innovative
support for carbohydrate transformation processes was
evaluated, using density functional theory. The o-D-glu-
copyranose adsorption on a Pdj, cluster, supported on
BNNT, was used to check both the local activity of topo-
logically different metallic sites and the effects of the
proximity of the BNNT surface to the same metallic sites.
Detailed geometrical and electronic analyses performed on
Pd;o/BNNT and o-p-glucopyranose/Pd;o/BNNT systems
were discussed. It was observed that the deposition of the
Pds; cluster onto the BNNT support gives rise to an elec-
tronic rearrangement, determining a charge transfer from
the support to the adsorbed metal cluster. The charge
transfer, as shown by the analysis of molecular electrostatic
potential, seems to generate electron-rich and electron-poor
zones in the Pd;q cluster. The a-p-glucopyranose species,
regardless the interaction geometry experienced, acts as an
electron donor and preferentially adsorbs close to the
electron-poor metal/support interface.
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1 Introduction

The complete understanding of the principles that rule the
behavior of a supported catalyst cannot be reached without
a deep analysis of the effect exerted by the support itself.
An impressive example is represented by the strong metal-
support interaction (SMSI) effects. SMSI, firstly introduced
by Tauster [33], thanks to the improvement of usable
experimental techniques and to the synergy of experiments
and computational simulations, has been widely investi-
gated and discussed during the last 25 years [4, 25, 36, 38].
It seems, out of any doubt, that the electronic effects play a
crucial role in determining the activity of supported metal
particles [5, 26, 28, 30, 37], also when the latter are not so
strongly adsorbed on the support. The wide majority of the
metal/support interaction studies deals usually with metal
oxides, such as titania and alumina, but recently new lay-
ered and tubular materials have started to draw more
interest.

Among these, due to their advantageous mechanical and
thermal properties, boron nitride based nanotubes (BNNT)
seem to be promising for their use as catalytic supports
[2, 15, 18, 34]. In particular, the lack of acidic sites could
avoid the local sintering of the supported metals, as it is
often encountered if metal oxides are used [27]. The
potential use of boron nitrides as catalyst support has been
previously evaluated by Meyer et al. [22-24] using palla-
dium as active phase in the case of both oxidation and
hydrogenation of lactose. It has been shown that the sup-
port may affect the reaction activity and selectivity,
resulting in better performance of the catalyst.

Computational methods used to model a large palladium
cluster, showing planes with different indexing that interact
with a boron nitride surface could unveil the influence of
the metal and the support on the catalytic properties of the
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resulting materials. One of the most interesting implication
of this approach is the possibility to study how molecules
of high industrial interest interact with the different
metallic planes of the supported metal cluster. To the best
of our knowledge the few computational studies already
performed in literature, on these kind of systems, mainly
concern the adsorption of small molecules, such as
hydrogen, onto BNNT supported metallic clusters [41],
while oxygenates such as a-p-glucopyranose, despite their
high catalytic interest in the biomass conversion technol-
ogy, were rarely treated [3, 8]. Moreover, a-pD-glucopyra-
nose is also a representative molecule suitable to capture
the main chemical features of oxygenates in the biomass.
As already reported [22, 23], it was actually suggested that
the adsorption process of saccharides on palladium clusters
could be shape sensitive, preferentially occurring on the
surface of the cluster, while edge and corners on the metal
nanoparticle could exert a detrimental effect on the above
mentioned reactions [24].

In order to deepen the topics above, a computational
study addressed to simulate the adsorption of o-p-glu-
copyranose molecule on a model heterogeneous catalyst
formed by a Pdj( cluster supported on a BNNT surface, is
presented. By the use of a properly shaped Pd cluster it was
possible to evaluate the influence of different low Miller-
index planes upon adsorption. Furthermore, in order to
predict the effect of the electronic metal/support interac-
tions on the adsorption of the a-p-glucopyranose, we ana-
lyzed the characteristics of the molecular electrostatic
potential (MEP) of the involved systems, which is related
to the local charge distribution and allows one a straight-
forward identification of relevant active sites of the sup-
ported cluster [1].

2 Computational Details

A Pd;o cluster was chosen to model the metal catalyst
whereas a (12,12) armchair single walled nanotube was
chosen to mimic the BNNT support. The metallic frag-
ment, cut out from the fcc bulk Pd structure, was purposely
shaped so as to expose both the (111) and (100) planes
[10, 29]. The curvature and the total length in the axial
direction of the model support were selected because it
allowed us to treat efficiently the system formed by o-p-
glucopyranose adsorbed on the Pd;/BNNT aggregate.
According to our recent studies, the effects of the curvature
on the adsorption process of small clusters on BNNT seems
to be negligible [32]. It is therefore very likely that the
influence of the modeled nanotube curvature could be even
less evident on molecules adsorbed on metal clusters sup-
ported on it.

With regard to the p-glucose molecule, it is important to
remind that it can exist in five tautomeric forms (two
pyranosic, two furanosic and one aldehydic) and each of
them present a very high conformational flexibility, already
widely investigated in the literature. While early results
showed that more than 700 conformations are possible [9],
the p-glucose in water is found almost exclusively in the o
closed pyranose form. Even considering that the confor-
mational ensemble of the o-p-glucopyranose could be
small if adsorbed on a metal surface as, for example,
already found for similar sugars adsorbed on ruthenium [7],
the number of different conformations to take into account
in a systematic investigation would be prohibitively high.
For this reason, in the present study we used only the most
stable o-D-glucopyranose conformation obtained in gas
phase by Corchado et al. [6] through a combined molecular
dynamics and DFT study. In the following, the conven-
tional a-p-glucopyranose carbon atoms numeration is used.

All the calculations were performed by using the
Gaussian 09 code [14]. Due to the size of the investigated
system the 2-layer ONIOM QM/MM approach [11] was
found to be well suited. The corresponding model system
was a circumcoronene-like B,7N,; portion of a (12,12)
armchair single walled BNNT formed on the whole by 12
unit cells. Since the performed calculations were not
periodic, the dangling bonds on the terminal sides of the
nanotube were saturated by hydrogen atoms. Molecular
mechanics employing the Universal Force Field (UFF) [31]
was used as the low level method in the ONIOM pre-
scription, while DFT was selected for the high level. The
exchange—correlation functional chosen is the hybrid
Coulomb-attenuated CAM-B3LYP [39]; this was joined
with the Los Alamos LANL2 effective core potential for
the Pd atoms, with the corresponding double-{ valence
basis set, and the dunning D95V basis set for B, N, C, O
and H. Full geometry relaxation was carried out on the
systems resulting from the adsorption on the BNNT of the
Pd;( cluster and of a-p-glucopyranose on Pd;o/BNNT. The
adsorption energy of a Pdjy cluster on the BNNT was
obtained through the general formula:

AE*® = Epygy — Epy — Epq (1)

where Epypy is the total energy of the supported cluster
system, Epy the energy of the pristine BNNT support
fragment and Ep,; the energy of the isolated Pds, cluster.
The adsorption energy of the o-pD-glucopyranose on the
supported Pds cluster was conversely obtained through the
general formula:

A Gd;Pd/BN = Eg/pa/pn — Epassy — Ec (2)

being Eg/pupy the energy of the pyranosyde adsorbed on
the Pd;o/BNNT system, Epypy the energy of the Pd;y/

@ Springer



1180

Top Catal (2016) 59:1178-1184

BNNT system and E; the energy of the isolated o-p-
glucopyranose.

3 Results and Discussion
3.1 Adsorption of Pd3, Cluster

The interaction geometry of the Pds( cluster on the BNNT
was designed in order to allow the exposure of the (111)
and (100) planes to adsorption; the remaining surface, i.e. a
(111) plane, was placed in contact with the support (see
Fig. 1a).

The adsorption geometry of the supported Pds, cluster
can be analyzed considering the matching-points of the
interacting (111) Pd plane with the BNNT. For other sup-
ported metallic systems, it was already shown that com-
plementary symmetries, characterizing cluster faces and
support surfaces, are significant driving forces, which leads
to effective interactions between them [40]. This criterion
has been also employed to understand the growth mecha-
nism of h-BN nanosheets on low Miller-index planes of
different metals, driving at the conclusion that negligible
lattice mismatches give raise to stronger adsorption [19].
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Fig. 1 Pd3;/BNNT model system: a optimized structure, b details of
the interaction points between the first layer of the palladium cluster
and the BNNT support: the red shaded Pd atoms have a bridge
coordination while the yellow and the green shaded ones are atop
coordinated to boron and nitrogen, respectively

@ Springer

According to the investigation reported by Schimmenti
et al. [32], the Pd-N interactions are preferred to the Pd—B
ones. Thus, the favored surface configuration should be the
one where the metal particle maximizes the number of atop
coordinations of the Pd atoms with the nitrogens. This is
also found for the opposite case in which the growth of a
boron nitride sheet on a close packed metal surface is
considered, indeed yielding NgpBrecmep configurations.
Analyzing the geometrical features of the Pd;o/BNNT
structure, it can be noted that the palladium (111) plane in
contact with the BNNT support is characterized by a sen-
sible lattice mismatch with the surface of the latter. Nev-
ertheless, an adsorption energy of —120 kJ mol™' was
found. To make a qualitative comparison with other sup-
ports, Kacprzak et al. [17] for the adsorption of a Pdy
cluster on y-Al,O5 found a value of ca. —300 kJ mol ™'
while Duca et al. [13] for the same palladium cluster
adsorbed on a carbon nanotube pinpointed a BSSE cor-
rected interaction energy of about —230 kJ mol~'. The
large difference of the observed adsorption energy values is
in agreement with previous studies in which a weaker
interaction of metals with boron nitride support, compared
to y-Al,O3, was suggested [20]. The difference above
could be attributed to the absence of oxygenated moieties
in the BN supports. This straightforwardly reduces the
interaction ability of the BN surface, but at the same time
also decreases its chances to promote side-reactions in
catalytic oxidations thus enhancing the overall selectivity
of the corresponding metal supported catalysts [23].

Due to the different Pd-Pd and B-N bond lengths, some
distortions of the cluster structure have to occur in order to
have a best possible cluster-support matching. For this
reason, the Pd atoms interacting with the surface are
mainly corner atoms which are connected by a two fold
coordination with BNNT boron and nitrogen atoms char-
acterized, irrespective of the surface atom involved, by a
bond distance of ca. 2.8 A. Longer range Pd-N interac-
tions, with average bond distance of 3.1 A are also present
(see Fig. 1b). The global effect of the adsorption on the
BNNT surface can be conclusively associated to a screw
displacement of the Pd cluster (100) plane toward the
exposed (111).

As a final remark, it can be observed that, according to a
population analysis based on natural orbitals (NBO), a
charge transfer of —0.14e occurs from the BNNT to the
metal cluster. This electronic charge donation may be
related to the experimentally observed beneficial effect that
the BNNT support exerts on palladium deactivation.
Indeed, it was shown that boron nitride lattice stabilizes
palladium clusters in their reduced form [22, 23], in this
way enhancing the lactose selective oxidation. The detri-
mental effects of oxidation on the palladium catalytic
properties was confirmed by Murzin et al. [35] and more
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recently by Delidovich et al. [12] that studied selective
oxidation, respectively, of lactose and glucose over Pd/C,
observing catalyst deactivation attributable to the forma-
tion of surface Pd(Il) oxide. In addition, when preparing
Pd/C catalysts by grafting of Pd(I) complexes by surface
ligand exchange on functionalized carbon supports, Her-
mans et al. have noticed that the Pd(II) form becomes
stabilized and oxygenated surface groups remain on the
support [16, 21].

3.2 Adsorption of a-p-Glucopyranose
onto the Cluster

Analyzing the three-dimensional structure of the consid-
ered conformation of the p-glucose o pyranosic ring it is
possible to single out two non-equivalent profiles, whose
differences are mainly produced by the OH group posi-
tions, imposed by the chirality of the carbon atoms. When
this molecule approaches the metallic surface during the
adsorption process, at least two limit geometries for the
binding modes can be identified. One of this, is charac-
terized by the CH,OH group pointing toward the surface
(G') whereas the other shows the hydroxy-methyl group far
from the surface (G?). In order to investigate the shape
selectivity of the adsorption process, the two binding
modes were studied on the two different surfaces exposed
by the palladium cluster. The four resulting configurations,
G{111)Gi11)» Gligo)» and Gfqg) were fully relaxed, giving
the optimized structures reported in Fig. 2.

The calculated adsorption energies for the four systems
are reported in Table 1. It is possible to note that the G*
binding mode is almost equivalent for both the considered
metallic planes whereas in the G! case, the interaction with
the (111) plane seems to be preferential. The G', corre-
sponding to the most stable configuration, is distinguished
for multipoint interactions of the o-p-glucopyranose with
the cluster via three hydroxylic moieties (Pd—Og¢ 2.21, Pd—
Oy 242, Pd-O, 2.37 10\); whereas almost isoenergetic
G(2111)’ Ggloo)’ and G<lm> show only a single interaction via
one hydroxyl group (Pd-O, 2.28 A, Pd-Og, 2.25 A and
Pd-O;5 2.19 A, respectively). This trend can be explained
taking into account (i) the number of OH groups on the two
sides of the o-p-glucopyranose molecule and (ii) the
matching between the OH arrangement and the topology of
the exposed surface. The first affects the interaction
geometry of the two surface binding modes, the second
conversely rules the occurrence of single or multiple
adsorption on the two metallic planes. It is interesting to
note that along the adsorption process, the conformation of
o-D-glucopyranose is retained, irrespective of the impli-
cated binding modes [7]. Very similar geometries and
interaction energies are found if the o-p-glucopyranose

adsorbs on the unsupported Pd;o. In particular, the
adsorption energy for the G' configuration is essentially
unchanged while for the other binding modes a small
increase (ca. 10 kJ mol™") can be noticed when the support
is included in the system.

Due to the high ratio between the low and high coor-
dinated sites in the Pdz cluster, the OH groups of the
adsorbed molecule interact mainly with Pd edge sites. For
sake of completeness it has to be highlighted that in the
literature it was suggested that adsorption on low coordi-
nated sites produces deleterious effects towards oxidation
of lactose: as observed experimentally, smaller palladium
particles (<3 nm) are actually less active than larger ones
(5 nm) [22, 23]. This issue is outside of the main focus of
the present study since the model was explicitly conceived
to investigate the support effects on the adsorption process
of the o-p-glucopyranose and not to unravel the reaction
mechanism of its oxidation.

In order to rationalize the combined effects on the metal
cluster produced by both the support and the adsorbate, it is
helpful to analyze the trend of the charge transfers, eval-
uated by means of a NBO analysis. As reported in the
previous section the BNNT donates to the cluster —0.14e.
According to the calculations performed on the unsup-
ported Pdj(, the charge transferred from the adsorbate to
the cluster is —0.29, —0.26 and —0.31e, for the G(lloo)s

G{,g9) and G{,) modes, and —0.47¢ in the G-

These charge transfers to the Pdjz, cluster are almost
additive when the o-p-glucopyranose/Pd;o/BNNT system
is considered, being their magnitudes —0.43, —0.41, —0.50
and —0.66e for the G{yo), Gfio0)» G{i11y and G(yyyy con-
figurations, respectively. The latter binding mode shows
the largest negative charge transfer in virtue of its three-
point interaction.

The investigated systems show a high degree of com-
plexity since there are multiple and interrelated effects,
arising by the support, the adsorbate and the metallic
cluster. In order to describe local electron density depletion
or rise on the cluster, which could correspond to different
reactivity areas on the catalyst surface, the analysis of the
molecular electrostatic potential maps is more informative
than the simple net charge transfer.

As reported in Fig. 3 the deposition of the palladium
cluster on the BNNT generates a rearrangement of the Pds
MEP, which actually shows more and more negative val-
ues, going from the first metallic layer (i.e. the layer in
contact with the support) to the last one. Even if, on the
whole, there is a charge transfer from the BNNT to the
cluster that could, in principle, inhibit the interaction with
the o-pD-glucopyranose, the presence of localized electron
depletion zones guarantees an effective interaction between
metal cluster and adsorbate. This implies that regions of the
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Fig. 2 Optimized structures of
the a-p-glucopyranose adsorbed
on the two exposed metallic
faces of the Pd;o/BNNT model:
a G%IOO)’ b G(2111)v ¢ G(lloo)’

d sz)

Table 1 Adsorption energies (kJ mol™") of the four o-p-glucopyra-
nose binding modes on supported and unsupported Pds cluster

G(lloo) G(ZIOO) G?m) G(lm)
Pd3q —91.8 —-97.2 —98.9 —150.0
Pd;o/BNNT —107.9 —109.1 —111.2 —152.5

cluster closer to the support surface could be more prone to
interact with the hydroxyl moieties belonging to the o-p-
glucopyranose, as also suggested by the optimized
geometries reported in Fig. 2. It is possible therefore that
some contribution to the total adsorption energy comes
from the interaction of the glucopyranose with the support.
In order to evaluate the size of this contribution the system
formed by the o-p-glucopyranose directly adsorbed on the
BNNT has been optimized, and the interaction energy

@ Springer
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Fig. 3 Molecular electrostatic potential (Eh/e) of the isolated Pds
cluster and of the Pd;o/BNNT system
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Fig. 4 Molecular electrostatic potential (Eh/e) of the a-p-glucopyra-
nose/Pd;o/BNNT systems: a G%IOO)’ b G(2111)’ c GEIOO)’ d G(lm)

resulted only —30 kJ mol™'. Thus, it can be supposed that
the contribution above is much smaller than this value,
pointing a minor direct influence of the support to the
overall adsorption energy.

The adsorption of a-D-glucopyranose clearly modifies
the appearance of the MEP, as reported in Fig. 4. The
palladium atoms interacting with the molecular adsorbate
show a more positive electrostatic potential if compared to
the edge sites far from the interface. This suggests that
possibly electron withdrawing species could interact more
easily with edge sites far from the interface cluster support.
Interestingly, this molecular electrostatic potential aniso-
tropy might be connected with the hypothesis, which
relates the higher activity of palladium catalyst toward
lactose hydrogenation to the preferential adsorption of
hydrogen on low coordinated sites [24].

4 Conclusions

Aiming at understanding the role of the support in the Pd/
BNNT catalysts, DFT calculations on Pd;o/BNNT and o-p-
glucopyranose/Pd;(/BNNT molecular systems were per-
formed. The results pointed out several indications on the
nature of metal-support interactions. According to NBO

population analysis, the support would seem to transfer
electron density to the adsorbed metal cluster. This charge
shift could be related to the experimentally claimed ability
of the BN supports to stabilize the reduced form of the Pd
component, characterizing the corresponding supported
catalysts. The analysis of four different binding modes of
a-D-glucopyranose on the palladium cluster showed that
the conformation of the oo anomer is retained along with the
adsorption process, which also is characterized by a quite
high interaction energy. According to our analysis, the o-D-
glucopyranose, irrespective of its interaction geometry,
acts as an electron donor. Molecular electrostatic potential
maps show that when adsorbed on BNNT, the Pd3( cluster
exhibits a peculiar electron-rich surface area together with
an electron-poor area. This latter is localized at the metal-
support interface, which is where the o-p-glucopyranose
preferentially adsorbs. The investigation on the role of the
support and the characterization of the adsorption geometry
and energetics, besides giving insights on the adsorption
process itself, should be intended also as a source of
information of valuable interest if framed within a context
devoted to analyze reaction mechanisms of D-glucose on
supported palladium catalysts.
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