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The modification of metallic surfaces with adsorbed atoms of a second metal is presented as an ideal
method for producing electrocatalysts. In this work, we examined the role of Au atoms in the reactivity of Pt
surfaces and their effect on the adsorption and diffusion of CO using first-principles calculations. Our
comprehensive study utilized density functional theory (DFT) to analyze a variety of adsorption sites on
single-crystal Pt structures, encompassing open and staggered configurations. The combined methodologies
of the climbing image nudged elastic band (CI-NEB) and potential energy surfaces (PES) were employed to
identify significant trends in the diffusional behavior of CO. These methods allowed for a thorough analysis
of the movement and interaction of CO molecules, providing valuable insights into their diffusion properties.
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The findings of this study provide compelling evidence that the presence of Au inhibits the movement of CO
towards highly reactive Pt sites. This contributes to a more thorough comprehension of polycrystalline metal
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1 Introduction

The advancement of renewable energy conversion and storage
represents an emerging field of research that may offer an
alternative to the use of fossil fuels in the transition towards the
replacement of unsustainable energy sources by sustainable
and clean technologies.”” In this context, fuel cells (FCs) are
devices that convert chemical energy into electrical energy
through electrochemical reactions, similar to batteries.> The
performance of fuel cells is largely dependent on the efficiency
of the electrocatalyst, which is affected by a number of factors,
including surface morphology, facet structure, ionomer/catalyst
interaction, and chemical composition.*”® The electrocatalytic
properties of platinum (Pt) electrodes have been extensively
studied with regard to their suitability for use in low-

“ [ITEMA, CONICET, Universidad Nacional de Rio Cuarto, Ruta Nac. 36, Km 601,
Rio Cuarto, Cérdoba 5800, Argentina. E-mail: areviglio@exa.unrc.edu.ar,
pcappellari@exa.unrc.edu.ar

b Departamento de Fisica, Facultad de Ciencias Exactas. Fisico-Quimicas y
Naturales, Universidad Nacional de Rio Cuarto, Ruta Nac. 36, Km 601, Rio
Cuarto, Cordoba 5800, Argentina

¢ Departamento de Quimica, Facultad de Ciencias Exactas. Fisico-Quimicas y
Naturales, Universidad Nacional de Rio Cuarto, Ruta Nac. 36, Km 601, Rio
Cuarto, Cordoba 5800, Argentina

dINFIQC, CONICET, Universidad Nacional de Cordoba, XUA5000 Cérdoba,
Argentina

¢ Departamento de Quimica Tedrica y Computacional, Facultad de Ciencias
Quimicas, Universidad Nacional de Cérdoba, XUA5000 Cordoba, Argentina

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cp03618b

This journal is © the Owner Societies 2024

surfaces with secondary metal deposits and their effectiveness in various electrocatalytic reactions.

temperature FCs.” One significant disadvantage of low-
temperature FCs, such as direct formic acid or direct alcohol
FCs (DFAFC or DAFC, respectively), is the formation of CO
during the oxidation reactions taking place at the FCs device.
The high adsorption affinity of CO on Pt surfaces is a well-
established phenomenon.®™** This results in the poisoning of
the electrocatalyst material, which in turn affects the overall
efficiency of the process and results in a decrease in its activity
in low-potential fuel oxidation.®**™** Consequently, the study of
the interaction between CO and the catalytic surface, as well as
its removal (oxidation), is of crucial importance for the devel-
opment of energy-efficient systems.

A substantial literature review on CO oxidation on single-
crystalline and staggered Pt surfaces has been conducted.”™”
It is widely agreed that low coordination number sites, such as
steps, corners and defects, are the most active in the CO
oxidation mechanism."” ' Consequently, surface diffusion is
a key factor in the CO electro-oxidation process, particularly
in situations where the mobility of the reactive species is
suspected to be limited by a potential barrier, as has recently
been demonstrated.”*>* From chrono-amperometric measure-
ments Koper and Garcia®® suggest that, in acidic media, the
surface diffusion of CO should be very fast while in alkaline
media this diffusion is slowed down. The rate at which CO
diffuses is a crucial and determining factor in its subsequent
oxidation or surface elimination.?>°

As a result, there is a renewed interest in the identification
and development of advanced electrocatalysts with enhanced
CO tolerance. In this regard, the combination of platinum with
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other metals can mitigate the effects of CO poisoning and
improve the performance of anode materials.”””*® A particularly
intriguing catalytic surface is that formed by a combination of
Pt (active) and Au (inactive).>* > It has been demonstrated that
by introducing an ad-atom patch of Au onto a Pt surface, a
synergistic effect can be achieved. The resulting catalytic activ-
ity is demonstrably superior to that which would be expected a
priory, considering the catalytic properties of each individual
surface.”®?%3*? The enhanced performance observed in Pt/Au
catalysts can be attributed to a change in the reaction mecha-
nism. In particular, experimental results from our research
group indicate that Pt/Au surfaces and Au ad-atoms act as a
barrier, impeding the surface diffusion of CO from/to the Pt
active sites.”*?%%

The objective of this study is to characterise and analyse the
role of Au atoms in the adsorption and diffusion process of CO
on stepped Pt surfaces. The primary aim is to identify potential
explanations for the processes that occur between various
oxidation reactions on Pt/Au surfaces, where CO plays an active
intermediate. A series of computational studies based on DFT
methodology were carried out in order to gain insight into the
CO adsorption processes on monocrystalline and stepped Pt
surfaces. In addition, the climbing image nudged elastic band
(CI-NEB) and potential energy surfaces (PES) calculations
were performed to explore the diffusion of CO on the surface.
The findings indicate that CO diffusion on stepwise Pt is an
anisotropic process that requires activation. In contrast, on
open surfaces such as terraces or monocrystalline environ-
ments, diffusion is observed to occur freely and can be con-
sidered spontaneous. These data align with experimental
findings where ‘slow’ diffusion is evident on Pt/Au surfaces
compared to bare Pt surfaces. Furthermore, it was observed
that the presence of Au atoms results in high activation barriers
for the CO diffusive process.

2 Computational methods

Two main surfaces structures were considered: Pt(111) to
account for densely packed terraces and stepped Pt(442) to
account for surface defects. The slab approach was used with
four layers for Pt(111) and five for Pt(442), both separated by at
least 10 A of vacuum and repeated in a super-cell geometry. The
two uppermost layers were relaxed while the remaining layers
were held at their truncated bulk positions. The unfixed layers,
Au atoms, and CO adsorbed molecules were relaxed until the
total force on all atoms was less than 0.1 eV A~'. Different
super-cells were employed according to Au coverage on the
surfaces, ranging from a 2 x 2 x 4 Pt(111) super-cell [four Pt
surface atoms, one Au atom, four Pt layers] and 4 x 1 x 4
Pt(442) super-cell [four surface atoms, one Au atom, five layers,]
upto3 x 3 x 4and 1 x 3 x 4 super-cells, respectively.
Density functional theory (DFT) calculations were performed
through the Quantum Espresso code.** The Kohn-Sham one-
electron equations were solved self-consistently, the ionic cores
being represented by Vanderbilt ultrasoft®® pseudopotentials
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with the Perdew-Burke-Ernzerhof (PBE)*® approximation.
The GBRV pseudopotential library optimized for precision
and efficiency was used.’” The energy cutoff was fixed at 50
Ry for wavefunctions and 500 Ry for charge density, with an
Marzari/Vanderbilt smearing of 0.01 Ry. A Monkhorst/Pack
scheme was used to sample the Brillouin zone with 12 x 12
x 1 k-points for the smallest Pt(111) surface cell, 2 x 12 x 1 k-
points for the smallest stepped Pt(442) surface cell, and corres-
ponding reciprocal values for super-cells multiple of these.
Relaxations were converged when forces acting on atoms were
weaker than 0.02 eV A%, Spin polarization calculations were
performed for terrace and step surfaces but nor energetic
difference with the unpolarized calculations neither magnetic
moments were obtain so they were disregarded.

Adsorption energy (E.q) is a measure of how strongly a
molecule binds to a surface, and it can affect catalysis pro-
cesses. For our system, it can be calculated as:

Eaq = Esys — Esurf — Eadsor (1)

where E,q is the adsorption energy of the adsorbate on the
surface under study, E is the total energy of the combined
slab-adsorbate system, Eg,¢ is the total energy of the isolated
slab, and E.qsor is the total energy of the isolated adsorbate
specie. A negative E,q indicates an exothermic process, indicat-
ing energy release and favourably. Conversely, a positive E,q
indicates an endothermic process, indicating energy input and
unfavourably. Adsorbants were placed on high-symmetry sites
on the surface, including the top, bridge, hollow fcc, and
hollow hcp positions. Specifically for Pt(442), we studied these
sites both on the terrace and on the step edge.

The climbing image nudged elastic band (CI-NEB)*® method
was employed to calculate the reaction pathways and energy
barriers associated with the CO diffusion process. This entailed
interpolating between five, seven, or nine images contingent on
the distance traversed through different surface sites. Five
images were used for mobility between adjacent sites, and
between seven and nine images for more distant sites. Conver-
gence was achieved when the residual forces acting on each
atom were weaker than 0.01 eV A~*. The CI-NEB method was
employed to identify the minimum energy paths, the transition
states, and the energy barriers.***°

Finally, potential energy surfaces (PES) were obtained by
single point energy calculations at fixed xy positions of CO on
the surfaces spaced in a square grid of around 0.5 A per side.
Both the C-O distance and its angle with respect to the metal
surface were kept fixed. For each xy point, the equilibrium
height was calculated with a 0.1 A precision. The corresponding
E,q was then assigned to each surface point, taking the lowest
E,q of all the calculations as the reference.

3 Results and discussion
3.1 Pristine surfaces

The bibliography contains a large number of papers character-

ising ideal surfaces such as Pt(111);'>*”*° nevertheless, it has
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been demonstrated that the majority of electrodes employed in
FC applications are constructed from polycrystalline Pt sub-
strates. Consequently, the actual surfaces comprise a multitude
of crystalline faces and numerous edges at their junctions.
As an approach to model these non-ideal systems, we have
consider the (442) stepped Pt surface, where the terrace and the
step have a (111) and (100) local surface, respectively. Fig. 1
shows the Pt(111) and Pt(442) surfaces with and without Au
considered in this work.

Presence of steps modifies the properties of the surface,
such as the work function or the zero charge potential, which
has been found to be directly proportional to the step
density.*"** Nevertheless, the linear relationship can be dis-
rupted if the terrace surface is narrow enough to facilitate step-
step interactions. Consequently, it is essential to compare the
variables of interest between the terrace and the analogous
planar counterpart, taking into account the presence of steps.**

For the purpose to facilitate a comparative and analytical
assessment of the aforementioned, it was decided that an E,q4
analysis of the Au atom, as presented in Table 1, would be
conducted for a planar surface of Pt(111), in addition to two
stepped surfaces with terraces of different dimensions. The
Pt(332) and Pt(442) surfaces. The final surface displays terraces
of a narrower width and comprises two fewer atomic rows than
the preceding one. As illustrated in Table 1 there is no discern-
ible difference in stability between fcc and hep hollow sites on
Pt(111), with an energy difference of approximately 0.10 eV.
These values are in close alignment with those observed in the
terrace regions of stepped surfaces, which suggests the absence
of substantial step-step interactions. Table 1 demonstrates that
the differences in the energy required for the adsorption of an Au
on Pt surfaces, Pt(332) and Pt(442), are negligible. We selected
Pt(442) for further calculations as it has 33% fewer atoms.

Conversely, the presence of steps alters the surface charac-
teristics, resulting in a variation in the energy required for
adsorption at different sites. Significant differences in E,4 are
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Table 1 E,q4 (in eV) of Au atom on Pt surfaces. The adsorption sites Hfcc
(S) and Hhcp (S) correspond to hollow sites near the step, while Hfcc (T)
and Hhcp (T) correspond to hollow sites near the center of the terrace. The
numerical values displayed in the left-hand column are associated with the
sites depicted in the Fig. 3. For Pt(111), the values correspond exclusively to
the terrace sites

Site Pt(111) Pt(332) Pt(442)
2 Hfce (T) —3.72 —3.88 —3.84
3 Hhep (T) —3.61 —3.79 -3.73
2 Hfce () — —4.14 —4.11
3 Hhep (S) — —4.69 —4.66

observed when Au is adsorbed on the terrace or at the edge of
the step, with the most stable adsorption site for an Au atom
being the fcc gap on the step, which is approximately 0.80 eV
more stable than on the terrace. Therefore, this adsorption site
was selected for the remainder of our calculations involving Au
atoms on Pt step surfaces.

In order to gain a more general and representative insight,
the adsorption of a single Au atom on the step and of a
complete row on Pt(442) are selected for comparison. This
enables a detailed examination of the effects of complete and
partial coverage of the step. Fig. 1c and d illustrate the most
stable surfaces for the adsorption of a single Au atom (Pt(442)/
Au@at) and a single row of Au atoms (Pt(442)/Au@nw), respec-
tively, on Pt(442). It can be observed that the Au atoms are
positioned preferentially within the step of the Pt surface (442),
resulting in the formation of a new step exclusively composed
of this metal in the case of the complete Au row. Consequently,
the latter surface has been designated as ‘“Au nanowire” on
Pt(442), Pt(442)/Au@nw. This investigation focuses on the
analysis of phase-separated systems in alloys, specifically exam-
ining a scenario comprising two distinguishable phases: a bulk
platinum phase and a surface layer comprising gold atoms in
contact with the Pt surface. The specific scenario in which Pt
serves as a host and Au atoms act as surface impurities, as

Fig. 1 Top and side views of (a) Pt(111); (b) Pt(442); (c) Pt(442)/Au@at; (d) Pt(442)/Au@nw. The slab layers are distinguished with color coding: the bottom
(fixed) layer is colored black, the second layer atoms are gray, and varying shades of light blue are used for the top layer to aid in highlighting the step. Au

atoms are depicted in yellow.
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Fig. 2 Projected density of states for the 3d orbital of surface atoms in
Pt(111), Pt(442) and Pt(442)/Au@nw. For (442) surfaces, terrace and step
atoms are differentiated. Pt step* surface correspond to the Pt line of
atoms next to the Au step.

4445 {llustrates a

demonstrated by Nerskov and colleagues,
situation in which the segregation energy is such that the
possibility of atom mixing is not thermodynamically feasible.

As a first insight into the electronic properties of these
surfaces, the projected density of states (pDOS) of the d orbital
is shown in Fig. 2. For surfaces without an Au atom, no
significant difference is observed between Pt(111) surface atoms,
Pt(442) terrace atoms and Pt(442) step atoms, apart from a subtle
narrowing of the d-band in the latter. In the presence of an Au
atom step, the Pt atoms adjacent to Au also show no significant
change. However, a clear difference is observed between Pt and
Au atoms. In Pt the projected density of states (pDOS) decays
abruptly after the Fermi energy, whereas in Au it starts to decay
about 3.5 eV beyond the Fermi energy. According to the d-band
model,*>" this suggests that Pt forms strong bonds with adsor-
bates, as the corresponding anti-bonding states appear above the
Fermi energy and thus remain unoccupied. In contrast, Au forms
weak bonds with adsorbates as the anti-bonding states appear
below the Fermi energy and are therefore occupied by electrons.
Taken together, these differences in the projected density of
states underline the different ability of Pt and Au to interact with
adsorbates, which may play a crucial role in the catalytic
applications of these surfaces.

3.2 CO adsorption and diffusion

The principal objective of this study is to examine the impact of
Au on the adsorption and diffusion of CO on the aforemen-
tioned surfaces. Previous experimental research has indicated
that the oxidation of CO on Pt is influenced by the presence of
adsorbed Au atoms.**?*°*"** In order to gain this insight,
several calculations were performed to determine the E,q of
CO in different sites over surface. Fig. 3 illustrates the adsorp-
tion sites for CO molecules over Pt stepped surfaces, to observe
the values on the Pt(111) monocrystalline surface in ESIL¥
kindly refer to Fig. S1 and Table S1 (ESIt). The circles, which
are coloured differently, represent different environments of
adsorption. The white circles symbolise terrace sites, while the
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Fig. 3 Adsorption sites for CO molecules over Pt stepped surfaces. The
circles, which are coloured differently, represent different environments of
adsorption. The white circles symbolise terrace sites, while the grey ones
represent sites over a step. The numerical values represent the distinct
locations, as follows: (1) bridge, (2) hollow fcc, (3) hollow hcp, and (4) top.

grey ones represent sites over a step. The numbers in the figure
indicate the different sites: (1) bridge, (2) hollow fce, (3) hollow
hep and (4) top. The results of the E,q are presented in Table 2.

Our findings indicate that E,q in Pt(111) and Pt(442) is
comparable when considering the terrace region. However,
markedly disparate are observed values when the adsorption
occurs at the border of the step. Furthermore, the site over the
terrace and behind the border step exhibit smaller E,4. The
values indicate that the terrace sites of the step system used
closely replicate the behaviour observed in defect-free systems,
and additionally demonstrate a marked proclivity for CO
adsorption at the summit of the step. The order of CO adsorp-
tion sites, from the most to least adsorbed, is as follows: top
edge of step, terrace, bottom edge. The aforementioned obser-
vations align with the sequence of catalytic activity proposed by
Garcia and Koper in 2011.>

Adsorption energy calculations of CO and Au on Pt(111)
showed that both species share the same preferential

Table 2 Absorption energies (in eV) of CO single molecule on the Pt
surfaces. The use of letters in brackets indicates whether the CO molecule
is in close proximity to an Au atom (n) or at a distance greater than 3 A (f).
The symbol (o) indicates the point at which the molecule is adsorbed onto
an Au atom

Site Pt(111) Pt(442) Pt(442)/Au@at Pt(442)/Au@nw

1 Bridge (T) -2.40 -230 —° —0.95(0)

2 Hfce (T) —-2.49  —2.25  —1.37(n); —2.13(f)
—2.06(f)

3 Hhep (T) -245 230 —1.63(n) —

4  Top (T) —2.28  —2.07  —1.23(o); —0.94(0);
—1.45(n) —1.06(n);

—2.13(f)

1 Bridge (S) — -2.53  —2.22(f) —

2 Hfcc (S) — -2.25 — —

3 Hhep (S) — -191 — —

4 Top (S) — -2.58  —2.22(f) —1.92(f)

% The absence of values at some adsorption sites is a consequence of
the relaxation of the molecule at those sites resulting in its adsorption
at a nearby but different site.

This journal is © the Owner Societies 2024
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adsorption sites. As shown in Tables 1 and 2, the lowest E,q4 are
observed in the hollow sites, both fcc and hep structures, with
similar values for each adsorbate. This suggests that the prior
adsorption of one species could influence the availability of
preferential sites for the other, thus affecting the distribution
and stability of adsorbates on the Pt surface during catalytic
processes. The E,q of CO in Pt(111) in the presence of adsorbed
Au has been calculated and the results are presented in Tables
S2, S3 and Fig. S2, S3 in ESL{ The results indicate that the
presence of adsorbed Au induces a repulsive effect on the CO
molecule, reducing its affinity for the Pt(111) surface.

As evinced in Table 2, the adsorption energies of CO on
Pt(442) indicate that the step edge is the most favourable site for
CO adsorption on Pt(442). As previously stated, the adsorption of
Au on Pt(442) also exhibits a proclivity for adsorption at the step
edge. Although both Au and CO display a preference for adsorp-
tion at the step edge, their respective behaviours exhibit notable
differences. In contrast to CO, which adsorbs on top, moving the
O atom as far away from the surface as possible, Au exhibits a
different adsorption behaviour, adsorbing below the step and
increasing its coordination number to reduce its surface energy.
The observed preference for the adsorption site by both species
to reduce the surface energy may be indicative of a competition
between Au and CO for this site. Nevertheless, as the adsorption
of Au occurs at an early stage, specifically during the synthesis of
the catalyst and prior to exposure to CO, it is the adsorption of
CO that is influenced by the presence of Au.>**°

In order to gain insight into this phenomenon, the E,q of CO
at various sites, including those in close proximity (n) to,
distant from (f) or situated on (o) the adsorbed Au atoms, has
been examined in both the Pt(442)/Au@at and Pt(442)/Au@nw
structures. It is observed that the adsorption of CO on the
surface increases significantly when the distance to Au is larger
than 3 A. The observed energy values range from —1.9 eV to
—2.2 eV, which is analogous to what has been observed on the
monocrystalline Pt(111) surface (ESIT). Conversely, at distances
closer than 2.5 A from Au, the adsorption of CO is observed to
weaken, with energy values between —1 eV and —1.5 eV.
As evidenced by the E,q calculations presented in Table 1, a
repulsive force exists between CO and Au, impeding CO adsorp-
tion in the vicinity of Au. Consequently, CO adsorption pre-
dominantly occurs in regions distant from Au, although CO
adsorption on Au is not precluded. This finding is also corro-
borated by the electronic behaviour observed using pDOS,
whereby Au forms relatively weak bonds with adsorbates, as
discussed in the preceding section.

Although the existence of defects or adsorbed species can
influence the adsorption of CO on the surface, this does not
necessarily imply that the diffusion of CO is also affected. In
their work, Garcia and Koper*® proposed that the presence of
steps alters local surface binding and diffusion of absorbed
species as a result of a change in the electronic structure of the
surface. To evaluate how the presence of steps and adsorbed Au
affects CO diffusion, we have performed numerous NEB calcu-
lations along different paths in Pt(111), Pt(442), Pt(442)/Au@at
and Pt(442)/Au@nw. Fig. 4 illustrates the results of a series of

This journal is © the Owner Societies 2024
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Fig. 4 Top view and energy variation of NEB paths for three different
directions along Pt step surfaces. The purple line represents a path
perpendicular to the step, while the orange and green lines represent
parallel paths to the step. The orange lines are over the step, while the
green lines are over the terrace. (a) Pt(442); (b) Pt(442)/Au@at; (c) Pt(442)/
Au@nw.

NEB calculations between adsorption sites, selected for the
purpose of conducting a comprehensive investigation of the
surface in question. The activation energies for each concatena-
tion are shown in Table 3. The complete pathways were selected
based on the direction of diffusion, which was determined to be
either parallel or perpendicular to the step. In the event that the
diffusion is parallel to the step and occurs on the terrace, the
path is designated as (|| T). Conversely, if the diffusion occurs on
the step, the nomenclature is (||S). In the event that the diffusion
is perpendicular to the step and the step does not have Au
adsorbed, the nomenclature is (L ). Conversely, if the diffusion is
crossing an Au atom, the nomenclature is (L Au).

Regarding to Pt(111), it was observed that the diffusion of
CO in any direction over the surfaces has at most an activation
energy of 0.12 eV when it moves between hollow and bridge
positions, Fig. S4 and Table S4 in ESILf Furthermore, an
elevated activation energy is evident when CO is compelled to
ascend to a top site (Fig. S4 and Table S4 in ESIT). With respect
to Pt(442), Table 3 demonstrates that the activation energy for
CO diffusion in the terrace parallel to the step (T) and all
Pt(111) passages exhibits a striking similarity, indicating a
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Table 3 Activation energies (in eV) of CO single molecule diffusion on the
Pt surfaces

Path Pt(442) Pt(442)/Au@at Pt(442)/Au@nw
[T 0.10 0.57 0.11

IS 0.21 — 0.14

1 0.74 0.86 —

1Au — 0.78 1.69

“ The nomenclature of the pathways was selected based on the direc-
tion of diffusion, whether parallel (||) or perpendicular (L) to the step.
In the event that the diffusion is parallel, occurs on a terrace (|| T) or on
the step (||S), and is perpendicular to the step, and if it is crossing an Au
atom (L Au) or not (L).

comparable behaviour of CO surface diffusion on the terrace
and on the Pt(111) surface. It is noteworthy that the activation
energies for all pathways are relatively low, below 0.3 eV, which
suggests a favourable arrangement for surface diffusion.

For Pt(111), it can be observed (Fig. S4 and Table S4 in ESIt)
that the activation energies are all lower than 0.25 eV, so diffusion
in any direction is possible for this surface. Conversely, the
activation barrier for CO diffusion from the terrace and perpendi-
cular to the step edge (L) are higher, reaching almost 0.8 eV. This
indicates that the presence of steps gives rise to anisotropic
diffusive behaviour, whereby free diffusion occurs over the terrace
but a significant barrier is encountered when crossing the steps.
The activation barrier values for leaving the terrace and remaining
on the edge are up to 0.4 eV, but the cost of going down or up the
terrace is twice as much energy as it takes to reach the terrace.
This anisotropic behaviour has been described by other
authors®®™® and corresponds here to the intuition that if a
molecule of CO is absorbed in one of the terrace sites, it can
move freely to the step boundary, which is the preferred absorbed
site. And once there, the molecule is available to react.

On the other hand, NEB calculations for the Pt(442)/Au@at
and Pt(442)/Au@nw surfaces show a clear increase in the
activation energy for CO diffusion when the path crosses a
region close to the Au atoms. A similar trend is observed for Au-
modified Pt(111) surfaces (Fig. S5, S6 and Tables S5, S6, ESIT).
The activation energy for CO diffusion is not influenced by the
presence of a single Au atom adsorbed on the step when the
analysed path is distant from the Au atom. Nevertheless, it is
evident that the CO initial linear trajectory is influenced by the
presence of the Au atom, with the molecule exhibiting a
repulsive force when attempting to diffuse in its proximity.

In contrast, when the step is completely covered by Au atoms,
the activation energy for CO diffusion in the direction perpendi-
cular to the step increases by almost 1 eV. This result shows the
crucial role of Au atoms in CO diffusion over Pt surfaces, as the
energies involved increase significantly. As previously suggested,
this is an effect of Au-CO repulsion. It is worth noting that the
diffusion in the terrace parallel to the step is not affected.

The activation energies permit the calculation of the rate
constant® for CO diffusion on these surfaces using the Arrhe-
nius equation:

I'= Aexp (_kiaT) (2)
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Table 4 Rate constant for CO diffusion in different surfaces
Path Pt(442) Pt(442)/Au@at Pt(442)/Au@nw
T 2.09 x 10™ 2.65 x 10% 1.45 x 10"
IS 2.96 x 10 — 4.45 x 10*°
1 3.70 x 10%° 3.57 x 107 —
LAu — 7.87 x 107 4.06 x 107°

All values are in s,

where A is the pre-exponential factor, E, is the activation
energy, kg is the Boltzmann constant, and T represents the
temperature. For our calculations, we have adopted a typical
value for A of 1.00 x 10" s™' and assumed a temperature of
300 K. The results are summarized in Table 4.

Values of rate constant higher than 1.00 x 10°s™" represents
extremely rapid diffusion, where CO molecules move between
adsorption sites almost continuously. Values around 1.00 s~
reflect a slow diffusion, the energy barrier is not insurmoun-
table but still significant enough to slow down the diffusion
process. Finally, values below 1.00 x 107° s™' indicate an
almost complete suppression of CO diffusion for that path.

It is not computationally feasible to perform NEB calcula-
tions of all possible CO diffusion pathways across the surface. A
slightly less costly method for the assessment of the diffusion
pathways and potential energy barriers is through the use of a
potential energy surface (PES), which identifies the lowest CO
adsorption energy for a specific xy point on the metal surface.

Nevertheless, the application of these techniques to all the
aforementioned surfaces entails a considerable computational
expense. Consequently, we have elected to utilise the integrated
methodology of CI-NEB and PES for the stepped Pt(442) system,
which offers a more illustrative representation. The results are
presented in Fig. 5, which comprises two rows. The top row depicts
the atomic models, while the bottom row illustrates the corres-
ponding PES maps, wherein the colours represent energy levels. The
colour purple indicates a low-energy region, whereas the colour
yellow represents a high-energy area. Conversely, the colour blue
indicates a low-energy region, while the colour red represents a high-
energy area. The scale on the right is expressed in electron-volts (eV).

The most pertinent aspect of CO diffusion, as elucidated by
the PES, is that diffusion in a direction perpendicular to the
steps is markedly less probable than that in a direction parallel
to the steps. In other words, CO encounters low-energy barriers
when moving in a parallel direction to the edge and high
barriers when moving across the steps.

In the case of Pt(442), the most favourable route for CO
diffusion is along the top edge. Any alternative site is at least
0.8 eV higher in energy. This restriction is evidenced by the
existence of a narrow, low-energy pathway within the PES.

In the case of a single Au atom at the step (Fig. 5b), the ease
of CO diffusion along the top step is impeded by the presence
of high-energy barriers, which are a consequence of the
interactions between the CO molecule and the Au atom. This
is demonstrated by the presence of yellow and red regions,
which interrupt the blue stripe along the step.

Of interest is the observation that when a string of Au is
covering the step (see Fig. 5¢), the most facilitated route for CO

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d4cp03618b

Published on 08 2567. Downloaded on 8/12/2568 12:22:55.

A A
3 4 5 6 7 8 9 -2-1 0 1 2 3
x (A) x (A)

-2 -1 0 1 2

View Article Online

Paper

E(eV)
1.2
0.8
0.4

0

5 6 7 8 9 -2-10 1 2 3 4 5 6 7 8 9
x (A)

Fig. 5 Top views and potential energy surfaces (PES) of (a) Pt(442), (b) Pt(442)Au@at and (c) Pt(442)Au@nw. The PES correspond to CO at several fixed xy
position on the metal at their equilibrium height. The potential energy (E,) is measured relative to the lowest adsorption energy for each surface. The

contour lines represents energy differences of 0.2 eV.

diffusion shifts to the middle of the terrace, resulting in a
markedly broader pathway. This is evidenced by the presence of
a more extensive blue region in the centre of the PES map.

It is noteworthy that the PES maps exhibit periodic patterns,
which correspond to the repeating structure of the surface. This
conclusion is further supported by the experimental findings,
which indicate a reduction in diffusion speed on Pt surfaces
that have been modified with Au ad-atoms.>*3%3

4 Conclusions

Our studies of CO behaviour on Pt surfaces show significant
differences between planar and stepped surfaces. On planar Pt
surfaces, CO diffuses freely in all directions with low activation
barriers. However, stepped surfaces exhibit anisotropic diffu-
sion, where CO moves easily parallel to the steps but is hindered
perpendicular to them, especially when crossing step edges.
The presence of Au atoms has a significant impact on the
adsorption and diffusion of CO. Although there was no discern-
ible competition between Au and CO for adsorption sites, the
preference of both for the step edges was evident. The proximity of
Au atoms on the surface with CO adsorbed on Pt demonstrated a
notable electrostatic repulsion, which affected its surface mobility.
Even a single Au atom can impede the diffusion of CO along the
step edges. The presence of Au nanowires on steps has been
observed to shift the preferred CO diffusion path towards terrace
centres, thereby altering the surface dynamics in comparison to
those observed in pure Pt or surfaces with isolated Au atoms.

This journal is © the Owner Societies 2024

These effects of Au on CO behaviour explain the improved
catalytic performance experimentally observed on Pt/Au surfaces.
The Au atoms act as barriers, interfering with CO diffusion to and
from active Pt sites. The present research offers a pioneering
mechanistic understanding of the synergistic effects observed in
bimetallic catalysts, thereby furnishing invaluable insights that can
be employed in the design of more efficacious catalytic materials.
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