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Abstract

Highly dilute binary alloys composed of an active platinum group metal (PGM) and a more inert
coinage metal are important in the field of catalysis, as they function as active and selective catalysts. Their
catalytic properties depend on the surface “ensemble” of PGM atoms, whose size may be altered under
reactive conditions. We use density functional theory and investigate the interaction of CO, a molecule
common in numerous industrially important chemistries, with alloys that are composed of a PGM (Pt, Pd, Rh,
Ir, Ni) doped in coinage metal hosts (Cu, Au, Ag). We study the adsorption of CO on the (211) step and (100)
facet and compare our results to those previously obtained on the (111) facet. We determine strong correlations
between the adsorption energies of CO across the facets and highlight the corresponding thermochemical
scaling relations. Finally, we study the stability of isolated surface dopant atoms with respect to aggregation
into clusters and segregation into the bulk, both in the presence and absence of CO. We find that strong CO-
dopant interactions significantly influence the morphology of the catalyst surface, suggesting that it may be

possible to establish control over the ensemble size of the dopant by tuning Pco.
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1. Introduction

Bimetallic catalysts often exhibit superior catalytic performance as compared to their monometallic
counterparts.! As a consequence these catalysts have been the subject of extensive research,? being at the
same time the workhorse of important large-scale applications, such as naphtha cracking, hydrotreating of
crude oil, acrylonitrile synthesis, ammonia oxidation and the reduction of pollutants produced by diesel
engines.’®

A new class of bimetallic catalysts, that has recently drawn a lot of attention, is single atom alloys
(SAAs).”!% These catalysts are composed of isolated platinum group metal (PGM) atoms (i.e. Ni, Pt, Ir, Rh
and Pd) that reside on the surface layer of a coinage metal host (i.e. Au, Cu, Ag). In such a configuration,
chemical reactions (e.g. Hz dissociation) are activated on the highly active PGM dopant atom, and after
spillover the catalysis occurs on the relatively inert coinage metal.!” This has been verified by density
functional theory (DFT) as well as surface science studies.'®!'? In addition SAAs exhibit superior activity
compared to their monometallic hosts'? in conjunction with exceptional selectivity unrivalled by pure PGMs.
Moreover, they show high resistance to CO poisoning,'* and have successfully catalysed reactions of practical

7 hydrosilylations'® and

interest, including hydrogenations,'> dehydrogenations,'® C-H activation,'
hydrogenolysis."?

Though SAAs are extremely promising new catalysts, their isolated single atoms are sometime unable to
activate chemical bonds that can otherwise be broken by small ensembles of PGMs such as dimers, trimers
and islands.?®?? Therefore in these cases the formation of surface aggregates in highly dilute alloy surfaces
may be necessary in order to achieve reasonable catalytic rates.”> For example, Goodman and co-workers*
studied the catalytic oxidation of CO over a Pd/Au bimetallic catalyst, and showed that isolated Pd sites could
not dissociate Oz in the temperature range of 400 - 700 K and at Pco= 1 x 107 Torr. Importantly, at this low
pressure, the formation of Pd islands was excluded.?! Higher catalytic rates were obtained at higher Pco, as a
result of the formation of Pd-Pd dimers and contiguous Pd atoms. In contrast, isolated Pd sites of the same
alloy were found to be able to dissociate Hz at 85 K.?2 Furthermore, Sykes and co-workers reported H spillover
from Pd sites to Au after co-adsorption of CO on the Pd/Au(111) surface; the former was not possible in the
absence of CO."?

These findings clearly demonstrate that the most desirable structure of a highly dilute alloy surface
depends on the application we are interested in. It is established that the adsorption behaviour on alloy catalysts
is rationalised through the so-called ensemble and ligand effects.?*2® These effects are related to the
composition and electronic structure of the active site, respectively, and determine, to a large extent, the nature
of the active site. It then follows that if one could possibly find a way to engineer the architecture of the surface
of highly dilute alloys, one would be able to optimise their catalytic performance according to the needs of
any particular application. Interestingly studies have shown that this may be achieved by pre-treating the
catalytic surface under reactive conditions, thereby exploiting adsorbate-induced effects.?”-*® Exposure of the

surface to gas appears to considerably affect the structure of the catalytic surface, influencing surface
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segregation and aggregation.?!**2? In consequence, adsorbate-induced structural changes have been the main
focus of numerous theoretical and experimental studies, which have explored the effect of alloy surface
exposure to number of gases (e.g. CO, H2, NO and O2) in the aim of improving the catalytic properties of the

material 62831734

CO is typically used as a probe molecule for specifying the properties of adsorption on solid materials®*>
and it is known for inducing morphological changes to the catalytic surface when adsorbed thereon. For
example, highly mobile carbonyl species on Pt- and Pd-doped Fe3O4(001) are observed with scanning
tunnelling microscopy (STM) after exposure of the surfaces to CO gas at low Pco (e.g. 2 x 107'° mbar);¢’
these species promote the formation of Pd and Pt aggregates over dopant dispersion. The possibility of CO-
induced surface manipulation has been demonstrated through experimental diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) and Fourier-transform infrared (FTIR) spectroscopy studies on highly
dilute Pd-Au’® and Pd-Cu?? alloys. Both studies indicated that exposure of the alloy surfaces to CO gas caused
the migration of Pd atoms from the bulk to the surface and the formation of dopant aggregates. The latter was
evidenced by bands observed at relatively low wavenumbers of the FTIR spectra (ca. 2002 cm™ - see Ref. 32)
that correspond to CO adsorption on Pd atom clusters. These effects have been further investigated in other
experimental®” and DFT studies.?®*?

In this work, we use periodic DFT to investigate the effect of CO on the structure of highly dilute alloys.
We examine the most stable structures of PGM alloys in Ag, Au and Cu hosts. This study expands our previous
work, which focused on the close-packed (111) facet,> to other sites that are expected to be exposed in
catalytic nanoparticles (NPs) and are highly important for catalysis. Thus, we focus on a (211) step, which
models NP edge sites, as well as the (100) facet. We begin by studying the adsorption of CO on fifteen SAA
surfaces. Then, we vary the dopant atom loading and CO coverage and investigate the propensity of the dopant
to migrate from the bulk to the surface (segregation) in numerous highly dilute alloys (Pt, Pd, Rh, Ir and Ni
doped in Au, Ag and Cu hosts) in the presence and absence of CO. We further study the propensity of surface
dopant atoms to aggregate, focusing our analysis on SAA, dimer and trimer, configurations which are expected
to occur at low dopant loadings (i.e. less than 5 %).

The rest of the paper is organised as follows: in Sect. 2 we present the setup of our DFT calculations, along
with the equations used to calculate the adsorption, aggregation and segregation energies. In Sect. 3 we
proceed by exploring the adsorption of CO on various highly dilute binary alloys including SAAs, dimers and
trimers. In the same section, we also discuss the surface segregation and aggregation of PGM dopant atoms,
and we show how these may be manipulated with the use of CO. Finally, we summarise our findings and

underline the significance of our work in Sect. 4.

2. Computational Methods
2.1. Density Functional Theory Setup

DFT calculations were performed using the Vienna ab initio Simulation Package (VASP) version

5.4.1.404! The valence electrons were treated explicitly and the core ionic potentials were modelled using the
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projector augmented wave (PAW) method.*> A plane-wave basis set was employed and the kinetic energy
cutoff was set to 400 eV. Calculations were performed under the generalised gradient approximation using
the revised Perdew—Burke-Ernzerhof (RPBE) exchange—correlation functional.*® This functional has been
specifically designed to improve upon over-binding issues, particularly tailored to the chemisorption of CO.*
Moreover, binding energies calculated with RPBE have already been shown to be in excellent agreement to
those experimentally acquired on SAA surfaces.** Under-coordinated (211) edges were modelled using a four-
layer (3 x 1) slab where the two bottom-most layers are fixed at the corresponding RPBE lattice constant and
the remaining ones are allowed to fully relax. The low-index (100) facet was modelled by a five-layer (3 x 3)
slab, where the two bottom-most layers were fixed and others were allowed to fully relax. Periodic images in
the z-direction were separated by a 10 A vacuum in both cases and the first Brillouin zones of the (211) step
and (100) facets were sampled witha 6 x 5 x 1 and a 7 x 7 x 1 Monkhorst-Pack k-point mesh, respectively.
The k-point sampling schemes were chosen after converging the adsorption energy of CO with respect to the
k-point mesh (see Supplementary Material). In all cases, we used the RPBE—calculated equilibrium lattice
constants of the coinage metal host (3.64 A, 4.23 A and 4.22 A for Cu, Ag and Au, respectively). Finally, we
assured electronic self-consistency up to a tolerance of 107 eV and the Hellmann-Feynman forces acting on
all ions that are free to move were relaxed to less than 102 eV/A. The adsorption energy of m CO molecules

(Eads (mCQO)) was computed according to Eq. (1):

Eads (mCO) — EmCO+s1ab _ Eslab _ mEtito(g) , (1)

tot tot

where E“°* is the DFT total energy of m CO molecules co-adsorbed on a slab, £’ is the DFT total

energy of the clean slab and E;O(*’) the DFT total energy of a CO molecule in the gas phase. We note that more

negative values of Eadas(CO) indicate stronger CO binding on the surface.
The segregation energy (AEseg), denoting the enthalpic preference for a dopant atom to reside in the

bulk versus in the surface layer of the host material, is given by Eq. (2):

AEseg = Etot,Bulk - Etot,SAA > (2)

where E is the DFT total energy of the dopant atom immersed in the 3™ layer of the slab (Figure 1) and

tot ,Bulk

E is the DFT total energy of the clean slab with the dopant atom in the surface layer (Figure 1). Negative

tot ,SAA
values of AEsee imply a preference of the dopant to segregate into the bulk, whereas positive values indicate

preference for segregation to the surface layer.

The CO-induced segregation energy AESZ? (see supplementary information of Ref. 33) is given by Eq.
A3):

AE,] = AE,, +{E,;' (CO)-E,,'(CO}}, 3)

seg



where E'" (CO) and E>Y (CO) are the adsorption energies of one CO molecule on the pure host material

and SAA, respectively.

Edge
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Figure 1. (a) Figures in the first row show the top view of the (211) slab with the dopant atom (blue) being immersed
in the 3™ layer of the host matrix (orange)-(top-left figure) and then being placed on the top layer (top-right figure).
Figures in the second row show the side view of the same slabs. (b) Figures in the first row show the top view of the
(100) slab with the dopant atom (blue) being immersed in the 3™ layer of the host matrix (orange)-(top-left inset) and
then being placed on the top layer (top-right inset). Figures in the second row show the side view of the same slabs. In
the schematics of the axes the symbol ) denotes an arrow pointing from the page towards the reader.

The aggregation energy (AEagg), denoting the thermodynamic preference for the formation of clusters

(dimers and trimers) from isolated dopant atoms, is given by Eq. (4):

AE, =E, (n)+(n-1)-E,, (host)—n-E,, (S44), €

agg ~ tot

where E (n), E, (host) and £, (SAA) are the DFT total energies of an alloy with a cluster of » dopant

fot
atoms, the pure host material and the SAA, respectively. According to Eq. (4), AE«ge <0 indicates a preference
for the dopant atoms to cluster on the surface. Conversely, AEqgz > 0 implies a thermodynamic preference for
the SAA phase.

A CO molecule can induce aggregation if its adsorption energy on an n-mer dopant island ( £, ™ (C O))

is more negative than on the SAA ( E;," (CO)), such that positive values of AEage may be offset.* It follows

ads

that the CO-induced aggregation energy (AE:"XCO (n)) is expressed as:

AE" (1) = AE,,, (n) -~ {m+ B! (CO) - EL (mCO);, )

¢4

where m represents the number of CO molecules adsorbed on the n-mer dopant island.

3. Results and Discussion
3.1. CO Adsorption on SAA (211) and (100) Surfaces

The active phase of a catalyst is often “organised” into NPs, which expose several facets connected to each

other. The dominant facets on fcc metal NPs are the low index (111) and (100), which are linked by edge
5



sites.*> In our previous work, we modelled the adsorption of CO to SAA and pure metal (111) surfaces. We
now expand our investigations to the (211) and (100) facets, and in this way we examine the vast majority of
sites being found on commonly encountered NP geometries (e.g. cube-octahedral and octahedral). To model
under-coordinated edge sites we employ a (211) step, whereon sites with coordination number equal to 7 can
be found. Edge sites exhibit distinct electronic environments as compared to lower index facets and are of
great interest in catalysis because of their high reactivity.***” Although these sites are often highly active***
and can make notable contributions to the overall catalytic rate, they are also known for their susceptibility to

poisoning (e.g. CO and sulfur poisoning).*” This is the result of their very strong interaction with certain

adsorbates, which bind tightly to these sites leading to their deactivation.>

Edge Sites
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Figure 2. Top view of the (211) slab, showing the sites whereon CO can adsorb. This includes: three bridge sites (i.e.
bridge-1, bridge-2 and bridge-3), a four-fold near edge site, two three-fold near edge sites (i.e. hcp near edge, fcc near
edge) and the dopant (blue) top site. Host metal atoms shown in orange.

Using the RPBE xc-functional and the computational setup described in section 2.1 we study the
adsorption of CO to (211) SAA surfaces and pure metal surfaces. Previous theoretical studies, which employed
RPBE as the xc-functional (see Ref. 33), demonstrate excellent agreement between simulated and
experimentally obtained temperature programmed desorption (TPD) data for various pure metal (111) and
SAA (111) surfaces (including, Pd/Cu(111), Pt/Cu(111), Pd/Au(111) and others), with a mean absolute error
in the CO binding energy of 0.04 eV. One could employ a hybrid functional,’">? or a DFT+U type method>*>*
to further improve the reliability of our DFT calculations. Yet, the increased cost of such methods may not be
necessary given the excellent performance of the RPBE functional for reproducing the experimental
Eads(CO).>** Herein, we present calculations for the adsorption energy of CO (Eads(CO)) on fifteen (211)
SAA surfaces, including Pt-, Pd-, Rh-, Ir- and Ni-doped Ag(211), Au(211) and Cu(211). Eais(CO), is
computed on seven different adsorption sites, which are on or proximal to the edge of SAA and pure metal
(211) surfaces (Figure 2). We determine that in all SAA (211) surfaces the most stable adsorption site is the

top dopant site and the corresponding Eads(CO) values are plotted in Figure 3(a). In the same figure we also
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plot Eadgs(CO) on the most stable adsorption site of (211) pure metal surfaces (e.g. Pt(211), Pd(211), Cu(211)
etc.), which can be either the edge top site or the edge bridge site (bridge-3 in Figure 2), depending on the
metal.

We find Eadgs (CO) =—0.70 eV on Cu(211), which is in reasonable agreement with that estimated by
experiment (Eags (CO) = —0.61 £ 0.01 eV).>> We also find that DFT is consistent with infrared reflection
absorption (IRA) spectroscopy,” predicting that adsorbed CO is considerably more stable on top sites over
the Ir(211) surface (Eads (CO) = —2.14 eV). Furthermore, our results suggest that the most stable adsorption
site on the Rh(211), Pd(211), Pt(211) and Ni(211) surfaces is the edge two-fold site (bridge-3 in Figure 2),
whereon we find Eaas(CO) =—-1.75 eV, —1.64 eV, —-1.75 eV and —1.55 eV, respectively. Interestingly, the two-
fold edge site is marginally more stable than the top edge on Pt(211), where we calculate Eads(CO) = —1.750
eV and —1.744 eV, respectively. This marginal difference of the Eads(CO) on these two sites is also reported
in studies that combine theory and experiment.’’” We also note that the CO adsorption strength is significantly
lower on (211) coinage surfaces (i.e. Cu(211), Au(211) and Ag(211)) compared to that of the PGMs (i.e.
Pt(211), Pd(211), Rh(211), Ni(211) and Ir(211)) (Figure 3(a)), testament to the much higher poisoning

susceptibility of the latter over the former.
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Figure 3. (a) The bars show adsorption energies of CO (Eags (CO)) on the most stable sites of SAA (211) surfaces.
E.ds(CO) for (211) pure metal surfaces are shown by coloured lines [Ag (black), Cu (green), Au (red), Pt (orange), Pd
(cyan), Rh (blue), Ir (light green) and Ni (burgundy)]. (b) Linear correlation between Eaq(CO) (211) and Eugs (CO) (111)
for SAAs (red hollow circles) and pure metals (black hollow squares). Regression lines and equations are shown, with
the corresponding coefficients of determination (R?) and the parity line (dashed black line).

Some SAAs bind CO with an intermediate strength as compared to the coinage metals and PGMs.
Interestingly however, the adsorption strength of CO on Ir and Rh SAAs is enhanced compared to pure
Rh(211) and Ir(211). The calculated Eads(CO) values on Rh/Ag(211), Rh/Au(211), Ir/Ag(211) and Ir/Au(211)
are —2.08 eV, —1.93 eV, —2.64 eV and —2.52 eV, respectively (compared to —1.75 eV and —2.14 eV on pure
Rh(211) and Ir(211), respectively). This very strong dopant-CO interaction, particularly for Ir/Ag and Rh/Ag,
can be attributed to poor charge mixing between the dopant and host and gas like behaviour of the former, as

evidenced by sharp features of the d-band density of states (DOS) that appear close to the Fermi level.>®



On the other hand, the CO adsorption strength on Pt and Pd(211) SAA surfaces is significantly reduced
compared to that on pure Pt(211) and Pd(211). For example the binding strength of CO on Pt/Cu(211) is
weaker by ca. 0.27 eV compared to Pt(211), while the corresponding reduction between Pd/Au(211) and
Pd(211) is about 0.60 eV. It follows that these two alloys will be more resistant to CO poisoning relative to
the monometallic PGM edges. Indeed, Pd/Au and Pt/Cu SAAs have been shown to exhibit high resistance to
CO poisoning, whilst performing highly selective hydrogenations.'*!7? Our results suggest that Pt/Ag, Pt/Au,
Pd/Cu and Pd/Ag SAAs also have the potential to exhibit high CO tolerance and a previous screening study
has suggested that they are also of interest for use as hydrogenation catalysts, thanks to facile H2 activation
and subsequent H spillover.*

Briefly comparing to our previous work on the (111) surface,** we plot Eags (CO) (211) versus Eaas (CO)
(111) in Figure 3(b) and make the general observation that the binding strength of CO on the (211) edge is
consistently greater than that on the (111) facet for both the pure metal catalyst and SAAs. Importantly, there
is a strong correlation between Eadgs(CO) (211) and Eaas(CO) (111) (Figure 3(b)), with CO binding being
systematically stronger on the (211) SAA surfaces by 0.18 eV on average, compared to (111) SAA surfaces.
The same is true for the pure metal catalysts examined, for which we find that the binding strength of CO on
(211) is greater than that on (111) by approximately 0.2 eV. This result is in line with the surface (211) atoms

having a lower coordination number than those on (111) (7 versus 9, respectively).
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Figure 4. (a) The bars show adsorption energies of CO (Eags (CO)) on the most stable sites of SAA (100) surfaces.
E.ds(CO) for pure (100) metals are shown by coloured lines [Ag (black), Cu (green), Au (red), Pt (orange), Pd (cyan),
Rh (blue), Ir (light green) and Ni (Burgundy)]. (b) Linear correlation between E.q(CO) (100) and E.qs(CO) (111) for
SAAs (red) and pure metals (black). Regression lines and equations are shown, with the corresponding coefficients of
determination (R?) and the parity line (dashed black line).

In a similar manner to our study on the (211) edge, we consider the adsorption behaviour of CO on
(100) SAA and pure metal surfaces, whereon surface atoms have a coordination number of 8. We plot DFT
calculated Eadas(CO) on (100) SAA and pure metal surfaces in Figure 4(a) and we find that our computed values
of Eads(CO) on Cu(100) and Ni(100) are in agreement with other DFT using RPBE and experimental

studies.5%-6!



Interestingly, trends of the CO adsorption energy are similar to those observed on the (211) edges, though
binding of CO on the (100) facet is in general weaker (Figure 4(a)). As with the (211) edges, CO binds very
strongly on Ir and Rh (100) SAAs, whereon the adsorption is more exothermic than on pure Ir and Rh (100)
surfaces. This trend holds on (211), (100) and (111),?* and it follows that Ir and Rh SAA nanoparticles will be
more susceptible to CO poisoning, and therefore inappropriate for applications that require high CO poisoning
resistance (e.g. steam reforming).®? However, using the CO binding strength as an indicator/descriptor of
reactivity, Rh and Ir SAAs are likely to be promising catalysts for breaking strong chemical bonds that cannot
be activated by other SAAs.?° Indeed, previous calculations have shown that Rh SAAs in general exhibit some
of the lowest activation barriers for numerous reactions (e.g. C-H activation and N-H scission) in screening
study of SAA reactivity.>’

As with adsorption on the (211) edge, Eads(CO) (100) is strongly correlated with Eaas(CO) (111) (Figure
4(b)) for both SAA and pure metal surfaces. In particular, for pure metals we find the relative binding strength
across the different surfaces to decrease as follows: (211) > (100) > (111), which, according to our results
suggests that an increase in the coordination number by 1 corresponds to ca. 0.1 eV decrease in the binding
strength. This trend is in line with the findings of a previous work on various Pt and Au surfaces,** and also
in agreement with the d-band center model of Hammer and Norskov.** The latter suggests broadening of the
d-band upon increasing coordination number and therefore weaker binding.%

On the other hand, despite the different coordination numbers of the surface atoms on SAA (100) and
(111) facets, the adsorption energies calculated thereon are very similar (i.e. Eads(CO) (100) = Eads(CO) (111)),
as most of the SAA data points lie on the parity line (Figure 4(b), red). We postulate that the similarities in
CO adsorption behaviour of SAA (111) and (100) surfaces is the result of a lack of charge mixing between
the dopant atom and the coinage metal atoms, which makes the former behave more like an isolated site rather
than part of a well-delocalised surface state.’® Consequently, the available electron densities for adsorbate
binding are similar for dopant atoms in both facets and hence is the CO binding strength.>® If indeed the CO
adsorption strength is a metric for reactivity, it is suggestive that the adsorption energy of other adspecies on
the (100) and (111) SAA facets will be comparable, and that structure sensitive reactions may be preferred on
one facet over the other. Thus, we attribute the variation between the (211) edge and the flat surfaces to the
notable differences in the surface geometry®® rather than alloy constitution. The binding strength of CO on the

SAA surfaces follows the order (211) > (100) = (111).

3.2. CO adsorption on dopant atom dimers

In addition to SAA surfaces, we studied the adsorption of CO on dopant dimer configurations on the
(100) and (211) surfaces and we compare the results to our previous work on the (111) facet®® (Figure 5). We
briefly note that we do not consider results for dimers on Ni/Au and Ir/Au alloys as during ionic relaxation

the DFT slab underwent significant reconstruction for these materials.



We report Eadgs(CO) on the most favourable adsorption site for each alloy combination. We considered two
site types: a dopant top site and a two-fold site bridging a dopant atom pair (Figure 5). In our previous work
we found that CO generally prefers the two-fold bridge site on the (111) dopant dimer configurations, though
exceptions to this are Ir/Ag(111), Ir/Cu(111) and Pt/Cu(111) dimers, where CO adsorption is most favourable
on the top dopant site.>* Considering dimers on the (211) edge and the (100) facet, we determine that CO
adsorption is most favoured on the dopant top site on Ir/Ag (211), Ir/Ag (100), Ir/Cu(211) and Ir/Cu(100),

whereas in all other cases the two-fold bridge site between the two adjacent dopant atoms is preferred.

C A

Figure 5. Panels (a), (b) and (c) show the dopant dimers (blue) on a coinage metal (orange) on (111), (211) and (100)
facets, respectively. In all panels there is a CO molecule adsorbed on the bridge site between the dopant atoms. Carbon
and oxygen atoms are represented by grey and red spheres, respectively.

We plot the Eadgs(CO) on (211) edge and (100) dimers versus those on the dimer of the (111) facet®® in
Figure 6(a) and (b), respectively. We observe that there is a correlation between the adsorption energies on
dimers of the different facets. Interestingly, we find that for all binary alloy combinations the adsorption
strength on (111) dimers is significantly weaker as compared to that on (100) dimers (weaker on average by
0.23 eV). In fact, the relative binding stability ordering on dopant dimers is akin to that on the pure metals,
namely (211) > (100) > (111).%® Accordingly, Eads(CO) scales with the coordination number in a similar
manner as for pure metal catalysts (approximately 0.1 eV per coordination number increase by 1). Finally, we
highlight that the binding of CO is considerably stronger on (211) dimers than on (111) dimers (on average
by 0.41 eV). This result implies that the formation of edge dimers will be contributing significantly to the high
susceptibility of edges to CO poisoning.
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Figure 6. (a) Comparison of Ea4(CO) (100) and E.4(CO) (111) calculated on the most stable adsorption site of dopant
dimer configurations. (b) Comparison of E.i(CO) (211) and E.as(CO) (111) calculated on the most stable adsorption
site of dopant dimer configurations. Regression lines and equations are shown, with the corresponding coefficients of
determination (R?) and a parity line (dashed black line).

3.3. Surface segregation studies

The enthalpic preference of a dopant atom to reside on the surface layer or in the bulk matrix of the host
metal is quantified by the segregation energy, AEse;. We compute AEseg for fifteen binary alloys, always
relative to the SAA phase. Based on Eq. (2), when AEseg > 0 there will be a thermodynamic preference for the
dopant atom to segregate to the surface in favour of the SAA phase. On other hand, when AE;es < 0 there will
be a preference of segregation into the bulk matrix of the coinage metal host such that the dopant atom is
submerged therein. To compute these AEseg values, we perform two calculations for each binary alloy on (100)
and (211) facets: first, with one dopant atom in the top layer of the slab (Figure 1), forming a SAA and second,
with the isolated dopant immersed in the bulk matrix of the coinage metal (Figure 1). We note that the results
presented herein provide information on the thermodynamic stability of the different investigated structures,
but neglect entropic and kinetic effects which are important under experimental conditions.

We calculate AEse for fifteen alloys with the (211) and (100) structures and present the results as a parity
plot in Figure 7. In the absence of any adsorbates on the surface we find AEs.g < 0 for almost all the (211) and
(100) binary alloys. Therefore, in the majority of cases, the dopant atom has a thermodynamic preference for
segregation into the bulk of the coinage metal (Figure 7). Exceptions to this observation are Pd/Cu(211) and
Pd/Cu(100), for which we calculate slightly positive values of AEseg (0.07 eV and 0.06 eV, respectively), and
attribute this to the fact that Pd and Cu atoms have very similar surface energies on (211) and (100) surfaces.®’
The trends in the segregation of dopant metal atoms in SAA (211) and (100) surfaces are very similar to those
on the (111) facet. The only difference is Pt/Cu SAA, where AEseg > 0 on (111),** whereas we find AEseq < 0
on (100) and (211).

11



2.0 T T ~
O Without CO ﬁ/
151 O With CO IrAElI /// IrAg
Ve
NiA9 - Fenag
PtAg
1.0 | 5
girC
S Ptcpm OrnAy
U pd%nRhCu
) | o |
= 0.5 PdCug cu
o drdAu
o PdCy_ ~
g00r o _ |
'-'5 Segregation iAg 4Py Segregation to the
| to the bulk pﬁi‘McU surface |
-0.5 NIAUEAAY
RhAu/geru
IrAu RhAg
1.0+ _ “irAg
P Ve
P Ve
_1 5 i 1 1 | | I 1
45 10 05 00 05 10 15 20

AE_,_ (100) (eV)

Figure 7. Calculated AF,., for fifteen binary alloys in the absence of adsorbed CO (red hollow circles) and in the
presence of adsorbed CO (black hollow squares). Segregation of the dopant atom to the surface is favoured in the area
highlighted in green. The opposite is true in the area highlighted in red.

The thermodynamic preference for the dopant to submerge into the bulk matrix of the coinage metal may
be reversed by the presence of a potent adsorbate (e.g. CO).?7?%3234 Indeed, adsorbates that interact strongly
with metal atoms usually enrich the surface of bimetallic catalysts with those metal atoms.®® Thus, we continue

by considering the possibility of inducing segregation through CO adsorption. In the presence of an adsorbed
CO molecule, we compute the CO-induced segregation energy AESCEZ,) (Eq. (3)) for each binary alloy. Our

calculations suggest that the adsorption of CO will induce segregation of the dopant to the surface for every

: CcO . . . .
binary alloy as AE_,’ > 0 in both (211) and (100) surfaces (Figure 7). It follows that the relative adsorption
strength of CO on the SAAs is sufficiently greater than on the pure coinage metals, overcoming any negative
AFE;seg and making AESC%? always positive (see Eq. (3)).

Interestingly, we note that the most positive AESCE: values are calculated for those binary alloys that showed

the most negative AEseq on both (100) and (211) surfaces under vacuum conditions (e.g. [r/Ag, Rh/Ag). These
“reactive” dopants (i.e. Rh and Ir) have significantly higher surface energies, as well as smaller lattice
constants than Ag.®’ This difference in the lattice constants introduces strain effects, thereby reducing further
any electronic overlap between dopant and coinage atoms.®® In turn, the accumulated electron density on the
Ir and Rh atom sites could be mitigated either by an increase in the coordination number (i.e. immerse into

the bulk of the coinage metal), or by coupling with a CO molecule. Similarly, one may explain why those

SAAs exhibiting less negative AEse; under vacuum conditions yield relatively small positive values of AE feg

For example the surface energies of Pd and Ag are not significantly different®” and the same holds for their

12



RPBE lattice constants (4.00 and 4.23 for Pd and Ag, respectively). In turn, for Pd/Ag we find a slightly

negative AEseq and a relatively small positive value of AEfegO.

3.4. Surface aggregation studies

We continue by presenting our study on the surface aggregation of dopant atoms on highly dilute alloys,
in the presence versus in the absence of CO. We calculate the aggregation energy (AEag) for thirteen
bimetallic alloys using Eq. (4). AEag quantifies the preference of dopant atoms to form aggregates and
clusters, such as dimers, trimers and islands from a dispersed SAA phase. In this case, we explicitly considered
“small” dopant clusters, such as dimers and trimers, assuming that dopant atom loadings at the limit of high
dilution will be less than 1 % and therefore, entropic forces will make the formation of larger aggregates
unlikely for miscible metal combinations.!'?2%¢

We examined different dopant dimer configurations on (100) and (211) surfaces (Figure 8). On the (211)
step, we investigated a dimer that is formed by neighbouring dopant atoms on the edge. On the (100) surface
we considered two dimers, with the dopant atoms being either first nearest neighbours (1NN) or second nearest
neighbours (2NN) (Figure 8). We performed calculations on the dimer slabs of the thirteen stable bimetallic
alloys and using Eq. (4) we computed AFE.g (Figure 8(a)). We determine that most Cu-based alloys have a
strong thermodynamic preference for dispersion to the SAA phase (AEsgz> 0) on both (211) and (100) surfaces
(Figure 8(a)); this is in good agreement with other theoretical and experimental works and indeed our previous
work on the (111) facet.”%*"!

We find that the SAA phase is also thermodynamically favoured for most of Au- and Ag-based alloys
under vacuum conditions. Yet, we compute AEuge < 0 on Ir/Cu(100), Ir/Cu(211), Ir/Ag(211) and Ir/Ag(100),
where there is clear thermodynamic propensity for forming edge and (100) 1NN dimers. The presence of
strong Ir-Ir interactions in dimer configurations is also evidenced by the smaller relaxed distance between
adjacent Ir atoms in dimers, as compared to adjacent atoms in pure Ir metal surfaces. For example, we find an
Ir-Ir distance of 2.46 A on the (211) dimer of Ir/Ag, whilst the corresponding Ir-Ir distance on pure Ir(211) is
2.75 A. However, when the two Ir atoms are arranged in a 2NN dimer on (100) the distance between them is
greater than that in the INN (100) dimer, and we compute AEqge > 0 for the 2NN dimer (Figure 8 (a)). For
example, on Ir/Cu(100) the relaxed distances between dopants of INN and 2NN dimers are 2.53 A and 3.18
A, respectively, and we find AEqg = —0.08 eV and +0.09 eV, respectively. Finally, in some cases we find
AEqge ~ 0.0 eV (e.g. RhW/Ag(211), Rh/Au(211)). One would expect that when accounting for entropic effects
in these cases, and those with slightly negative AEge, will result in dopant atom dispersion.

Finally, we investigate the aggregation behaviour of the same binary alloys in the presence of CO,
exploring the idea of controlling the size of dopant ensemble by tuning Pco.?!3? First, we simulate “low Pco”
conditions, whereby full saturation of all dopant atoms in the dimer configurations is not possible. To capture
representative configurations for such conditions, we performed DFT calculations with only one CO adsorbed

on the most stable adsorption site on the edge, (100) INN and (100) 2NN aggregates. In all alloys the most
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stable site for CO adsorption on the (100) 2NN dimer is a dopant top site. By contrast, the most stable
adsorption site on edge and (100) INN dimers is the two-fold bridge site between two adjacent dopant atoms,
with the exception of Ir/Cu and Ir/Ag alloys, where the top dopant site is the most stable. Configurations in
the relaxed state of these latter cases are shown in Figure 9.

nh—mer

Using the corresponding adsorption energy values ( E.,"" (C O) ), where n-mer corresponds to a dimer in
this case, we calculate AE iXCO (Figure 8(b)). The main observation is that all Ag- and Au-based alloys show

a thermodynamic preference to forming (1NN) aggregates on the (100) facet and (211) edges in the presence
of CO. This is also true for Ni/Cu, where dispersion of Ni atoms was preferred under vacuum conditions
(Figure 8(a)). It should be noted that the same shift regarding the preference for aggregate formation has been
observed upon C2H:2 adsorption on Ni/Cu(111).”> We find that the type of the most stable adsorption site is
crucial to the stability of the aggregate phase versus the SAA phase. In particular, the formation of (100) INN
and edge dimers is promoted on the binary alloys where CO prefers the two-fold site in-between adjacent
dopant atoms (e.g. Pt/Ag, Pt/Au, Pd/Ag etc.). When bound to two neighbouring dopants, CO interacts with
both dopants, thereby keeping them together by forming a stable dimer. Quite the contrary is observed when
CO is more stable on the top dopant site, which is true for Ir/Ag and Ir/Cu (100) INN and edge dimers, as
well as on (100) 2NN dimers of all the binary alloys. Under these circumstances, CO interacts strongly with

the atom where it is adsorbed and tends to isolate it from the neighbouring dopant. For example, under vacuum

conditions the formation of (100) INN and edge dimers was favoured on Ir/Cu(211) and Ir/Cu(100) (AE

=-0.13 eV and —0.08 eV, respectively, as shown in Figure 8(a)). In contrast to all other cases, addition of a

CO on these configurations, brought about slight preference for the SAA phase (AEiXCO =+0.01 eV and +

0.03 eV, respectively, as shown in Figure 8(b)) instead of further promoting the formation of aggregates.
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Figure 8. Aggregation energies (AEagg) for dimers relative to the SAA phase of Ni, Pd, Pt, Rh and Ir doped into the
(100) and (211) surfaces of the group 11 metals with (a) no adsorbed CO molecule; (b) 1 adsorbed CO molecule; and
(¢) 2 adsorbed CO molecules. The legends next to each plot show dimer configurations in the relaxed state. Therein
carbon, coinage metal, dopant metal and oxygen atoms are represented by grey, orange, blue and red spheres,
respectively.

To simulate higher CO coverages we add a 2™ CO molecule in our DFT calculations, with both adsorbates
placed on the two dopant top sites. The underlying assumption is that the Pco in a surface science experiment
will be high enough so that the dopant atoms are covered with CO (partially or fully), but also low enough so

that the host coinage metal is free of CO. This would be possible due to the significant difference between
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adsorption energies on each metal atom within the alloy. In this case, the CO-CO lateral interactions become
prominent and force the dispersion of the dopant atoms on the (211) and (100) coinage metal surfaces. We see
that the SAA phase is strongly preferred over the dimer phase under full CO dopant coverage conditions
(Figure 8(c)) in agreement with calculations on the (111) facet.** The formation of (100) 1NN and edge dimers

is rarely thermodynamically favoured, with the only exception being Ir/Ag. For this particular system, there

is a slight preference for aggregation with AEfXCO =—-0.06 eV and —0.03 eV for (100) INN and edge dimers,

respectively. These AE*“? values are, however, close to zero. They are significantly less negative than the

agg

corresponding AFEqge obtained under vacuum (i.e. —0.40 eV and —0.41 eV, respectively), and so when subjected

to entropic forces may result in dispersion.

Interestingly, the number of CO molecules bound to dopant cluster has little effect on the thermodynamic
preference for forming (100) 2NN aggregates. In the presence of a single CO adsorbed on these configurations,
the stable adsorption site is the dopant top site for all binary alloys, so aggregation cannot be promoted using
CO. This could be enabled, however, using larger adsorbates that are also bidentate (e.g. C2Hz) or chelating.”
In addition to the weak interactions between dopant atoms of the (100) 2NN dimer, we find that CO-CO
interactions are also small as a result of the large distance between the dopant atoms. This is reflected by the
relaxed geometry of the two CO molecules, which remain sharply vertical to the dopant top sites (see bottom

inset in the legend of Figure 8(c)).

(b)

Figure 9. Panel (a) shows (100) INN dimers, whereon a CO molecule is adsorbed on the most stable site, of Ir/Ag
(figure on the left) and Ir/Cu (figure on the right) alloys in a relaxed state. Panel (b) shows a (211) dimers, whereon a
CO molecule is adsorbed on the most stable site, of Ir/Ag (figure on the left) and Ir/Cu (figure on the right) alloys in a
relaxed state. Carbon, oxygen, iridium and copper atoms are represented by grey, red, blue and orange spheres,
respectively.
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Finally, aggregation for trimer configurations, in the presence versus in the absence of CO, is analysed in
a similar manner and the results are presented in the supplementary material. Aggregation energies, AFEagg, are
calculated under vacuum conditions, and in the presence of 1xCO, 2xCO and 3xCO. We find that at full CO
dopant fractional coverage the SAA phase is favoured, whilst in the presence of 1xCO the formation of (100)
and (211) trimers will be thermodynamically facilitated for all Ag- and Au-based alloys as well as for Ni/Cu.

For more details, the reader is referred to the supplementary material of this work.

4. Concluding Remarks

In summary, we have performed DFT calculations to study the adsorption behaviour of CO on highly
dilute binary metal alloys, relating the strength of binding to poisoning resistance, comparing surface
interactions across several facets and investigating the stability of low dopant loading structures in the
presence and absence of CO. Our results suggest that both (100) and (211) SAA surfaces exhibit high
resistance to CO poisoning when employing Pt and Pd dopants. By contrast, Ir and Rh SAAs tend to bind CO
very strongly and are therefore expected to be more susceptible to CO poisoning as compared to their
monometallic dopant counterparts.

We have shown that the calculated Eaas(CO) on SAA (111), (100) and (211) facets correlate well with
each other and the binding strength shows the following trend: (211) > (100) = (111). Interestingly, with regard
to CO adsorption, the (111) and (100) SAA surfaces behave similarly, even though their topmost layer atoms
have different coordination and generalised coordination numbers (the latter is 7.5 and 6.6 for (111) and (100)
respectively).”® On this basis, we point out that if Eaas(CO) represents an activity descriptor, one should expect
similar reactivity in structure sensitive reactions occurring on (111) and (100) SAA surfaces. It then follows
that during the bottom-up design of new SAA materials, one may draw conclusions regarding the reactivity
of one facet based on the other, which will be of great importance in truncating the search for optimal
heterogeneous catalysts. Moreover, the stronger binding on (211) SAA surfaces is attributed to electronic and
geometric effects, which make edge sites distinct as compared to planar surface sites, even at the SAA limit.
In contrast, for dopant dimers we have demonstrated that the binding strength trend is: (211) > (100) > (111).
This is the expected trend for pure metals according to the d-band model of Hammer and Nerskov®* and agrees
well with the hypothesis that lower coordination numbers result in higher energies of d states.®

Regarding the segregation of the dopant atom, we showed that under vacuum conditions there is a clear
thermodynamic preference of the dopant atom to be immersed in the bulk matrix of the coinage metal for the
majority of binary combinations. This could deteriorate catalytic performance, as the dopant would not be
able to participate in catalysis and promote reactions. By contrast, in the presence of CO the most stable
structures are those with the dopant atom on the topmost layers. This is because of the strong dopant-CO
interaction and is true for both (100) and (211) surfaces. Notably, the dopant metal atoms with the strongest
preference of segregating into the bulk of the coinage metal, form the most stable surface alloys in the presence

of CO (e.g. Ir/Ag, Rh/Ag and Ir/Au in both (211) and (100) surfaces). This is the result of Ir or Rh atoms
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needing to share electron density by either coupling with an adsorbate or by relocation to the bulk of the
coinage metal, thereby increasing their coordination number.

Finally, our calculations suggest that control over the formation of dopant aggregates on Ag- and Au-based
alloys could be achieved by tuning the CO fractional coverage of dopant aggregates. The same can be
accomplished on Ni/Cu and Ir/Cu, whereas Pt/Cu, Pd/Cu and Rh/Cu alloys show a thermodynamic preference
for the SAA phase even in the presence of CO. However, in these materials it is conceivable that larger, multi-
dentate absorbates may be able to induce aggregation.”” Future studies can investigate this possibility, but also
identify the chemical potentials of adsorbates that would stabilise aggregate ensembles with desired catalytic

performance for reactions of interest.

5. Supplementary Material

See Supplementary Material for surface aggregation studies on trimers, k-point convergence tests on (100)

and (211) and details on the (211) segregation calculations.
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CO Induced Aggregation and Segregation of Highly Dilute Alloys:
A Density Functional Theory Study
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SUPPLEMENTARY MATERIAL

I. Choosing the k points mesh

To select the Monkhorst-Pack k-point mesh for our calculations, we have performed convergence tests
on both (211) and (100) surfaces. In particular, we monitor how the Eadas(CO) on the top dopant site of
Pt/Cu(100) and Pt/Cu(211) SAAs is changing with respect to the Monkhorst-Pack k-point mesh (Figure
S1). Based on these results, we choose to sample the Brillouin zones of the (211) step and (100) using a
6 x 5% 1anda7 x 7 x 1 k-point mesh, respectively. These sampling schemes appear to provide very
similar Eags(CO) to what obtained with highly dense k-point meshes (e.g. 12 x 12 x 1 and 9 x 7 x 1 for
(100) and (211) surfaces, respectively) (see Figure S1).
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Figure S1. Panels (a) and (b) show the calculated adsorption energies of CO on Pt/Cu(100) and Pt/Cu(211) SAAs for
various k-point meshes, respectively.

II.  Surface aggregation studies — dopant trimers

Dopant atoms can aggregate to form trimers, which will likely configurations to occur on highly dilute
alloy surfaces. Herein, we consider one dopant trimer configuration on each of the (100) and (211) surfaces.
These two trimers are seen in Figure S2, along with the potential adsorption sites, whereon we have calculated
Eadas(CO). As seen, the (211) dimer is composed by two dopant atoms on the edge, plus another one on the

(111) terrace next to it.

S1



We calculate AEqg for 13 alloys and investigate how these energies may change at different coverage of
dopant trimers with CO. Under vacuum conditions, the formation of trimers on the (100) is favoured on the
surface of only Ir/Cu, Ir/Ag alloys (Figure S3 (a)). Similarly, (211) aggregates are stable on the aforementioned
alloys, but are also favoured on Ni/Ag, Rh/Ag and Rh/Au (AE.ge < 0) surfaces ((Figure S3 (a)).
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Figure S2. (a) The inset in the first row shows the top view of the (211) slab, where there is a dopant trimer formed
(blue spheres). The potential adsorption sites in this configuration are shown with black arrows. The inset in the second
row shows the side view of the same slab. (b) The inset in the first row shows the top view of the (100) slab, where there
is a dopant trimer formed (blue spheres). The potential adsorption sites in this configuration are shown with black
arrows. The inset in the second row shows the side view of the same slab.

At low Pco, such that there is only one CO adsorbed on the most stable site of (211) and (100) trimers, we
induce aggregation in all Au- and Ag-based alloys, but also on Ni/Cu(100), Ni/Cu(211) and Ir/Cu(100)
surfaces. On the other hand, we cannot induce trimer aggregation on Pd/Cu, Pt/Cu and Rh/Cu (100) and (211)

surfaces in the presence of a single CO. This was also true for aggregation into dimers (see main text). Finally,
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at CO dopant fractional coverage of > 0.5, dopant atom dispersion is promoted in most of the cases (Figure
S3 (b) and (c)). The preference for the SAA phase is even more pronounced under full dopant coverage
conditions, where there is only a slight propensity for aggregation on the edge of Ir/Ag and Ni/Ag (AEagg=—
0.08 and — 0.10, respectively) (Figure S3 (c))
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Figure S3. Aggregation energies (AEqgg) for trimers relative to the SAA phase of Ni, Pd, Pt, Rh and Ir doped into the
(100) and (211) surfaces of the group 11 metals with (a) no adsorbed CO molecule; (b) 1 adsorbed CO molecule; (c) 2
adsorbed CO molecules and (d) 3 adsorbed CO molecules. The legend below each plot, show dimer configurations in
the relaxed state; therein carbon, coinage metal, dopant metal and oxygen atoms are represented by grey, orange, blue
and red spheres, respectively.
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