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Density functional theory calculations are used to investigate CO adsorption, dissociation and SnOx forma-
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tion on PtzSn. We find that direct CO dissociation is prevented by high activation energies. An energetically
feasible path is instead CO dimer formation followed by C-O bond cleavage. Dimers are formed in the
presence of Sn adatoms which effectively stabilize anionic OCCO™ species. The presence of Sn adatoms is

crucial as dimers are unstable on Pt-only systems. The proposed mechanism may explain recent experi-
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Introduction

Nanoalloys represent an important materials class, with a
wide range of applications as catalysts, electrodes and
sensors.' > Amongst them, PtSn nanoalloys have been applied
as CO oxidation catalysts*” and anodes in hydrogen and di-
rect alcohol fuels cells.** The mixing pattern of bimetallic
alloy particles differs typically from the corresponding bulk
and is generally complex depending both on the constituent
metals and the synthesis method."*™® Exposure of reactants
to alloy nanoparticles adds complexity. For example, PtSn
nanoalloys are prone to segregation, forming SnOy, under typ-
ical CO oxidation conditions. In fact, the formation of SnOy/
Pt interfaces explains the low temperature CO oxidation be-
havior of Pt;Sn,"”*® which in contrast to regular Pt, remains
active at low temperatures.

The degree of segregation is determined by the reaction
conditions and can experimentally be monitored by, for ex-
ample, following the Sn 3d core level binding energies with
Xps®'¥2° or the CO stretch vibration with IR
spectroscopy.® 7*°">* Recently, these methods were used to
monitor SnOy formation upon exposure of CO to PtSn nano-
particles.'® The conclusion was based on the comparison of
Sn 3d and C 1s XPS peaks after reduction in H, at 723 K and
after 90 min CO exposure (2% CO/He) at 498 K. In addition
to the formation of SnOy, the formation of C-C bonds was
detected."’

The observation in ref. 19 is interesting as it implies that
CO dissociates on PtSn nanoparticles. CO dissociation is usu-
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mental observations of SnOx and C-C formation as Pt,Sn is exposed to CO.

ally highly activated on Pt(111), and does not occur below
673 K even at high CO pressures.>* However, CO dissociation
is structure sensitive, and the required temperature for the
reaction is lowered on Pt(557) and Pt(100) surfaces, where CO
dissociation starts at 548 K and 500 K respectively.>*>” The
temperature for CO dissociation was in these studies deter-
mined by absence of the C-O stretch vibration (sum fre-
quency generation) and presence of elemental carbon on the
surface (Auger electron spectroscopy). The mechanism of CO
dissociation was in ref. 23 suggested to proceed via the
Boudouard reaction, in which CO dissociates with the forma-
tion of CO, and elemental carbon. CO dissociation is unlikely
to happen via the Boudouard reaction on PtSn nanoparticles
because SnOy is formed instead of CO,.

Herein, CO dissociation is investigated on Pt;Sn using
density functional theory (DFT) calculations. We find that di-
rect CO dissociation is prevented by high activation energies
and that C-O bond cleavage can appear after CO dimer for-
mation. The dimers may form in the presence of Sn adatoms
which effectively stabilize anionic OCCO™ species.

Computational methods

DFT calculations are performed using the Vienna ab initio
Simulation Package (VASP 5.4.1)*®' within the generalized
gradient approximation (GGA), employing the PBE exchange-
correlation functional.>*** The projector augmented wave ap-
proximation (PAW)** is used to describe the interaction be-
tween the valence electrons and the atom cores. The surfaces
are constructed with the Atomistic Simulation Environment
(ASE)** from optimized bulk lattices using (12 x 12 x 12)
k-point grids for Pt;Sn and Pt.§ Structures are optimized
using a plane wave kinetic energy cut-off of 450 eV. The con-
vergence criterion for the electronic self-consistent field (SCF)

§ Only orthorhombic structures are considered (= 8 = y = 90.0). The optimized
cell parameters (a = b = c) for the metal(alloy)s Pt, and Pt;Sn are 3.97 A and 4.06
respectively.
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loop is set to 10 eV and structures are relaxed until all
forces are below 0.05 eV A™. Calculations of the reaction bar-
riers are obtained initially with the climbing image nudged
elastic band**® and further refined with the dimer
method.>® A partial hessian vibrational analysis of the CO
dissociation transition states including the top layer of Pt-
atoms was used to confirm that they are saddle points and lo-
cal minima.

CO dissociation is studied on (111), (100) and (211) sur-
faces for Pt and Pt;Sn, assuming bulk composition and or-
dering. In this way, dissociation on terrace as well as step
sites is explored. The (111) surface is considered using (4 x

2.3 )rect and p(4 x 4) surface cells for Pt and Pt;Sn, respec-

tively. The (100) surfaces are treated with a (\/5 2 ) R45°

surface cell. The (111) surfaces are modelled with 5 layers,
whereas 6 layers are used for the (100) systems. For the
(211) system, a 6-layered non-orthorhombic periodic slab is
used with 24 surface atoms. The Pt;Sn(100) and Pt;Sn(211)
can be constructed with different amounts of Sn in the top-
most layer. To study the effect of Sn, we consider the sur-
face terminations that have the highest concentration of Sn.
The periodic surface cells are shown in the ESIj The effect

of Sn adatoms is investigated in a (4 X 2./3 )rer Surface cell

for the (111) surface. The surface slabs are separated by a
vacuum of, at least, 16 A. In all calculations, the bottom
two surface layers are fixed to the corresponding bulk posi-
tions. Integration over the Brillouin zone is approximated
by finite sampling using the Monkhorst-Pack scheme*® with
k-point grids of 3 x 3 x 1 for (111) and (100) and 3 x 5 x 1
for (211). Methfessel Paxton smearing of the Fermi disconti-
nuity is applied with a smearing width of 0.05 eV.*" In
terms of number of metal layers and vacuum thickness and
cut-off, the systems are sufficiently converged.*>*?

Results and discussion

Direct CO dissociation routes are investigated on different
surfaces and at different coverages in section A. The possibil-
ity of Sn ad atoms is discussed in section B. The effect of ad
atoms on CO dissociation is explored in sections C and D. Fi-
nally, alternative CO dissociation routes, such as the
Boudouard reaction on pure Pt-systems are discussed in
section E.

A. Direct CO dissociation on Pt and Pt;Sn surfaces

Direct CO dissociation is studied on the (111), (100) and
(211) surfaces of Pt and Pt;Sn. The reaction is initially investi-
gated in the low CO coverage limit of 1/16 ML (111), 1/8 ML
(100) and 1/24 ML (211). Dissociation is considered from CO
adsorbed in the stable position which is hollow hcp for (111)
and bridge for (100) and (211). For Pt(111), it is well known
that this adsorption site does not correspond to the experi-
mentally observed low coverage position which is atop.** Nev-
ertheless, the applied methodology is still able to predict ad-
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sorption energies and reaction barriers with reasonable
accuracy to obtain qualitative trends.**

The results for the direct dissociation are shown in Fig. 1
and Table 1. The reported product state is close the transi-
tion state and would be stabilized by subsequent separation
of O and C. On Pt(111), the dissociation proceeds from CO
on the hcp hollow site, followed by a CO bond elongation
over a bridge site, to yield C and O in hep and fcce sites, re-
spectively. On Pt(100), the CO molecule is initially in a bridge
position, it dissociates over the hollow position and the prod-
uct state include C in hollow and O in bridge positions. On
Pt(211), CO is adsorbed in a bridge position and dissociates
over the four-fold hollow position at the step. The product
state is in this case O in a hollow position above the step and
C in a bridge position at the step. The barriers for dissocia-
tion are in all cases high. From the initial state they are 3.52
eV [Pt(111)], 3.14 eV [Pt(100)], and 3.36 eV [Pt(211)]. To com-
pare the CO dissociation barriers independently from the
adsorbed state, the barriers can be expressed with respect to
a gas phase CO molecule. With this reference, the barriers
amount to 1.64 eV [Pt(111)], 0.99 eV [Pt(100)], and 1.64 eV
[Pt(211)]. The value for dissociation on Pt(111) reported here
is lower than the value obtained by Liu et al.*’ (2.21 eV) with
a p(2 x 2) surface cell. The difference can in part be attrib-
uted to the possibility of more extensive relaxations in the
larger surface cell.

2.0
<10
L
>
=
@
c
w 0.0
-1.0
o Pt Pt.Sn
5.0 111 111
- wevmseiss 100 swewmrnm 100
m-=r 211 ===- 211

Fig. 1 Potential energy diagram for CO dissociation on the considered
surfaces, Pt (black) and PtsSn (red). Zero energy corresponds to a bare
metal surface with CO in the gas-phase. The atomic models show the
transition states. Atomic colour codes: O (red), C (gray), Sn (yellow)
and Pt (blue).
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Table 1 Calculated CO adsorption energy (AF.qsco), reaction barrier from gas phase CO (AE+93 Phase CO) reaction barrier from adsorbed state (AE¥),
and reaction energy (AE,) for the direct CO dissociation. d(C-O)ys is the calculated C-O bond distance in the transition state. Differential adsorption en-
ergies are reported for CO at coverages () higher than the lowest for each facet. Energies and distances are reported in eV and A, respectively

Surface 6 (ML) AEags.co AE*83s phase €O AE* AE, d(C-O)rs
Pt(111) 1/16 -1.88 1.64 3.52 2.42 1.65
Pt(111) 1/4 -1.73 2.29 4.02 2.64 1.64
Pt(111) 1/2 -1.52 2.55 4.07 3.36 2.18
Pt(100) 1/8 -2.15 0.99 3.14 1.69 2.00
Pt(211) 1/24 -1.73 1.64 3.36 3.34 2.06
Pt;Sn(111) 1/16 -1.87 1.86 3.72 2.93 2.04
Pt;Sn(111) 1/4 -1.80 1.94 3.74 2.32 1.95
Pt;Sn(111) 1/2 -1.59 2.19 3.78 2.81 1.81
Pt;Sn(100) 1/8 -0.54 (bridge) 2.05 2.60 (bridge) 1.98 2.13
-1.79 (top) 3.85 (top)
Pt;Sn(211) 1/24 -0.37 2.07 2.44 2.11 2.19
Sn-Pt(100) 1/8 -2.13 1.21 3.34 2.17 2.02
25n-Pt(100) 1/8 -3.19 0.28 3.46 2.63 2.04

B hz — - _ - _ . <
AEads,CO = (ER - ECO,gas - EBare surface)' AEI gas phase €O - (ETS - ECO,gas - EBare surface)' AE* = (ETS ER)' AEr - (EP ER)' ERy ETS, EP- energies of
reactant state, transition state and product state. Eco,gas: energy of gas phase CO. Epare surface: €nergy of surface slab.

Pt(100) is the only surface for which the CO dissociation
is exothermic (-0.47 eV) with respect to a CO molecule in
gas phase. This, together with the 0.99 eV barrier for disso-
ciation from the gas-phase is consistent with the experimen-
tal results by Somorjai and co-workers showing CO dissocia-
tion on Pt(100) at 500 K.>*** Considering entropy, it is,
however, clear that the product state needs to be further
stabilized by, for example, C-C bond formation.

On Pt;Sn(111), CO adsorbs in an hep hollow position with
a Sn atom directly below the adsorption site. Dissociation
proceeds with a barrier of 3.72 eV over a bridge site and the
product state has O and C in hollow positions. The adsorp-
tion energy is low on Pt;Sn(100) for the local minimum clos-
est to the transition state, where CO occupies a long-bridge
site between two Pt atoms. The low adsorption energy is a
consequence of Sn in the top most layer. Dissociation pro-
ceeds over this position with a barrier of 2.60 eV. The on top
site, which is further from the transition state, has a stronger
adsorption energy (-1.79 eV) owing to charge transfer effects
from Sn. From the on top adsorption site, the dissociation
barrier becomes 3.85 eV.

The adsorption energy is low also on Pt;Sn(211) and the
molecule occupies a bridge position. The dissociation occurs
in this case over a hollow position with a barrier of 2.44 eV.
The barriers with respect to gas-phase CO are on the alloy
surfaces 1.87 eV [Pt;Sn(111)], 2.05 eV [Pt;Sn(100)], and 2.07 eV
[PtsSn(211)].

We find that the barriers for direct CO dissociation at
low coverage are high on Pt as well as on Pt;Sn surfaces.
The low stability of adsorbed CO on Pt;Sn(100) and
Pt;Sn(211) renders the barrier with respect to this state
lower than on the Pt-only surfaces. The barriers from CO in
the gas-phase are, however, in all cases higher for the alloy
surfaces.

It is possible that CO coverage affects the CO dissociation
barrier. In fact, on Pt(111), a coverage between 0.30 ML and

This journal is © The Royal Society of Chemistry 2019

0.60 ML is reasonable at the experimental conditions where
CO dissociation has been observed, ie. CO pressures (20
mbar) and temperatures (498-548 K).">*® To investigate this,
we studied dissociation at Pt;Sn(111) and Pt(111) with CO
coverages of 1/16 ML and 4/16 ML and 8/16 ML (Table 1). It
is found that the barriers in this regime are nearly indepen-
dent of the coverage. This is consistent with previous results
for NO dissociation on Pt(111).*” The high barriers, indepen-
dent of coverage, suggest that the observed CO dissociation
on PtSn nanoparticles’® does not proceed along this type of
reaction path.

B. Alternative surfaces - the possibility of Sn adatoms

Given the high barriers for direct CO dissociation, we con-
sidered alternative structural models for the alloy. The
mixing in alloy nanoparticles (NP) is often complex, and it
has been shown that Pt;Sn NP have a partial segregation
with an enrichment of Sn in the surface region.”® This is
expected as the Pt-Pt bonds are stronger than are the Pt-Sn
bonds.*® The segregation could, furthermore, be enhanced
by the presence of adsorbates such as CO.> For Pt;Sn NP,
this is likely given the preferential adsorption of CO on Pt-
sites. This is exemplified in Fig. 1 where the adsorption en-
ergy is reduced by more than 1 eV if CO occupies a site
close to Sn. To maximize the CO-Pt interaction, it is possi-
ble that Sn in the surface layer is replaced by Pt, forming
instead Sn adatoms. In the following we have considered
CO dissociation on such systems modeled as Sn adatoms
on a Pt-skin. Model systems with different Sn adatom con-
centration are investigated on Pt(100) and Pt(111)/Pt;Sn to
study how they affect the CO dissociation barriers.

C. CO dissociation in the presence of Sn adatoms

On regular Pt(100), the adsorption energy of CO is -2.15
eV, with a CO dissociation barrier of 3.14 eV. If one Sn

Catal. Sci. Technol,, 2019, 9, 695-701 | 697


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8cy01989d

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

ad-atom is added onto Pt(100), the calculated adsorption
energy remains approximately the same -2.13 eV
(Table 1), while the reaction barrier increases to 3.34 eV.
Moreover, with two Sn adatoms the adsorption energy in-
creases in magnitude to -3.19 eV and the barrier in-
creases to 3.46 eV. However, the barrier, with respect to
CO in gas phase is lowered to 0.28 eV. Sn adatoms onto
Pt(100) do not lead to decreased intrinsic CO dissociation
barriers, rendering direct CO dissociation unlikely onto
Pt(100) even when assisted by Sn. On a model of Pt(111)/
Pt;Sn, the effect of up to three Sn adatoms is investigated
at a CO coverage of 0.50 ML. From the adsorbed state,
the direct CO dissociation barrier from the adsorbed state
decreases from 3.78 eV (0 Sn adatoms), 2.93 eV (1 Sn ad-
atom), 2.35 eV (2 Sn adatoms) to 2.16 eV in the presence
of 3 Sn adatoms (see Table S1 and Fig. S1, ESI}).

For the systems with two and three Sn adatoms respec-
tively, Sn,O is formed upon direct CO dissociation.

1.0 4
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D. Dimer route for CO dissociation with Sn adatoms

Although presence of Sn adatoms lowers the barrier for direct
CO dissociation, the reaction is still highly activated and al-
ternative pathways could be in operation. A possible alterna-
tive path would be the formation of CO dimers, which has
been discussed within the field of electrocatalysis.”** In ref.
51 it was suggested that a CO dimer can be stabilized via a
positively charged environment. We consider the scenario of
dimer formation on Sn,/Pt(111)/Pt;Sn with a coverage of : ML
in CO. The activation barrier to form (CO), over an fcc site is
1.03 eV, and the formation is endothermic by 0.45 eV (Fig. 2).
This could be compared with the similar process on Pt(111)
where the reaction is endotherm by 1.42 eV with an activa-
tion barrier of 1.44 eV, see Fig. S7 in ESL{ Thus, the presence
of Sn adatoms stabilizes CO dimer formation. The stabiliza-
tion of the (CO), originates form electrostatic stabilization
via the 3 Sn adatoms. The Bader charge analysis of the dimer,

Fig. 2 CO dissociation on Pt(111)/PtzSn with 3 Sn adatoms. Zero energy corresponds to a bare metal surface with CO in the gas-phase. The C-C
distance of the CO dimerization transition state is 1.95 A, and the O-C distance in the subsequent C-O bond cleavage is 2.11 A. The C-O distance
during direct CO dissociation is 1.98 A. Atomic colour codes: C (gray), O (red), Sn (yellow) and Pt (blue).

698 | Catal. Sci. Technol., 2019, 9, 695-701
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reveals a total charge of —0.91e on (CO),, corresponding to an
anionic OCCO™ species. As adsorbed CO on regular Pt(111)
has a charge of -0.13e it is clear that additional charge is pro-
vided by Sn. Such a process is not possible on Pt(111), where
the charge on the dimer is only —0.10e. The charge accumula-
tion on the dimer is shown by a charge density difference
analysis in Fig. 3. The analysis reveals charge accumulation
in a m-type orbital with bonding character between the two
CO molecules. Additional stabilization is provided by charge
accumulation on the oxygen atoms which are coordinate to
the positively charge Sn-atoms. The average Bader charges on
the three Sn adatoms is +1.07e. The stabilization of an an-
ionic CO dimer is similar in character to the well-known for-
mation of neutral NO dimers.”> The subsequent C-O bond
cleavage from the dimer state has a barrier of 1.22 eV
forming SnOSn. The overall barrier for dissociation via dimer
formation is 1.67 eV which is clearly lower than the global
barrier for direct CO dissociation (2.16 eV). The stabilization
of the dimer can be further enhanced by considering Sn
atoms in the topmost metal layer (Fig. S4t). The barrier for
dimer formation is for this case decreased to 0.85 eV and the
dimer state is endothermic by only 0.15 eV. In this way, the
overall CO dissociation barrier is lowered to 1.08 eV.

The experimentally determined apparent activation barrier
for CO dissociation of PtSn NP was in ref. 19 estimated to be
-0.39 eV. Comparison with this value would require the con-
struction of a micro-kinetic model. At this point we do not
know the degrees of rate control for the different steps which
make a simple estimate of the apparent barrier difficult.>®
However, our calculations show that direct CO dissociation is
highly unlikely.

The stabilization of the dimer requires electropositive
adatoms such as Sn. Using Pt adatoms, the barrier for di-
mer formation is 2.21 eV and the process is endothermic by
2.07 eV, rendering this path highly unlikely on Pt-only
systems.

.. L

Fig. 3 Analysis of the bonding in the CO dimer via a charge density
difference map. The charge density difference is calculated as Ap = pg
— Psn, ~ Prull without sn, and the iso-surfaces are visualized at £0.04 e A3
Dark blue (yellow) iso-surface represent accumulation (depletion) of
charge with respect to the system without Sn adatoms. Atomic color
codes: O (red), C (gray), Sn (yellow) and Pt (blue).

This journal is © The Royal Society of Chemistry 2019
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E. Other reaction routes for CO on pure Pt-systems

We note that CO dissociation has been observed experimen-
tally over Pt-only systems.”* > It was suggested to occur
according to the Boudouard reaction (CO + CO — CO, + C).
Therefore, we have, in addition to direct CO dissociation, ex-
plored different possibilities including the Boudouard reac-
tion. For this route we find that the barriers at 0.5 ML are
3.05 eV and 3.15 eV on Pt(111) and Pt(100), respectively.
Thus, the barrier for the Boudouard reaction is lower than
the direct CO dissociation path on Pt(111) and similar for
Pt(100). A variant of the Boudouard reaction with the dimer
is calculated to have global barrier of 3.63 eV. We refer to the
ESIf and Fig. S5-S7 for a full description of the investigated
CO dissociation routes on Pt-only systems. As the investi-
gated routes are highly activated. We speculate that the ex-
perimental observations®>* could be caused by other mech-
anistic features such as impurities.

Conclusions

We have used density functional theory calculations to inves-
tigate different routes for CO dissociation on Pt;Sn. Direct
dissociation is found to be prevented by high activation ener-
gies. An energetically feasible path is instead C-O bond cleav-
age from a CO dimer. We find that dimers can be formed in
the presence of Sn adatoms which effectively supply charge
for the formation of anionic OCCO™ species. The positively
charged Sn adatoms provide an additional electrostatic stabi-
lization. Our results provide an explanation for the experi-
mentally observed SnOx and C-C bond formation as PtSn
nanoparticles are exposed to CO. The presented mechanism
for CO dimer formation is expected to be active for other Pt-
alloys where Pt is mixed with metals having a low
electronegativity.
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