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On the behaviour of structure-sensitive reactions
on single atom and dilute alloy surfacest

Konstantinos G. Papanikolaou@ and Michail Stamatakis ©*

Materials that are composed of atomically dispersed platinum group metal (PGM) atoms on coinage metal
surfaces show remarkable catalytic performance in a number of chemical reactions. On these single atom
alloy (SAA) surfaces, the isolated PGM atoms exhibit unique reactivity features owing to their distinctive,
and often limited, interactions with the surrounding coinage metal atoms. In this work, we use density
functional theory to investigate the reactivity of numerous SAA(100) and (111) surfaces, focusing on typically
structure-sensitive reactions, which include the direct dissociations of NO, CO, and N,. Our results suggest
that the structure-sensitivity of these three reactions is considerably reduced on SAA surfaces as compared
to pure platinum group metal surfaces (Rh, Pt, Pd and Ni). Additionally, we examine the reactivity of small
Rh and Ni ensembles doped on Cu(100) and (111) facets. We determine that Ni-Ni dimers and Ni trimers
outperform the studied SAAs in the activation of N=—=0O, C=0O and N=N bonds, and are also capable of
performing facile association reactions. This work can guide future theoretical and surface science studies
on SAAs, as well as the development of highly dilute alloys, which can efficiently catalyse chemistries of

rsc.li/catalysis industrial significance.

1. Introduction

The importance of developing catalytic materials with high
activity, stability and selectivity towards the desired product,
in conjunction with the need for minimising the usage of
expensive platinum group metals (PGMs) have motivated the
development of single atom alloy (SAA) catalysts.™” In these
alloys, the host material is a relatively inert metal (i.e. Au, Ag
and Cu), whereon embedded PGM atoms (e.g. Ni, Pt, Rh and
Pd), known as the dopants, exist as isolated surface species.
The dopant atoms are capable of first activating chemical
bonds, thereby enabling highly selective catalysis to happen
on the host metal sites at a later stage.’

Surface science and catalysis studies underline the
excellent catalytic properties of SAAs for a number of
chemistries, such as hydrogenation and dehydrogenation
reactions,>*® C-H activation,”® C-C coupling,’ and catalytic
oxidations.’ Remarkably, studies by Zhang et al'' have
unveiled that Pt/Cu SAA catalysts exhibit an unprecedented
catalytic performance (i.e. extremely high activity, selectivity
and stability) during the hydrogenolysis of glycerol to 1,2-
propanediol; we note that the activation of pertinent
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reactions usually requires the presence of large PGM metal
ensembles on the alloy surface."” Accordingly, the work of
Zhang et al.™ is a testament to the unique catalytic properties
offered by isolated reactive atoms doped on less reactive host
materials.”® In addition, very recent studies by Furukawa and
co-workers highlight that Pd/Cu SAA nanoparticles supported
on AlL,O; are exceptional catalysts for the catalytic NO
reduction by CO." The latter reaction is crucial for stripping
out harmful gases from catalytic converters.'” In particular,
the authors demonstrated that on a Pd/Cu SAA catalyst, NO
was fully converted to N, at low temperatures (e.g. 200 °C)
and, remarkably, this occurred without the formation of
other undesired products such as N,0."*

The extraordinary catalytic performance of SAAs is
ascribed to the distinctive electronic structure of the isolated
dopant atom amid the host metal atoms. Photoemission
spectroscopy and density functional theory (DFT) show that,
for a number of SAA surfaces, the d band of the doped atom
is very narrow, resembling that of a gas phase metal
atom.'®"” This electronic characteristic is attributed to the
occasionally limited electronic interactions between the
dopant atom and its coordination environment, and brings
about the high reactivity of SAAs.'® Furthermore, calculations
performed by our group suggested that CO exhibits very
similar binding strengths on the top dopant site of two low-
index SAA surfaces, (100) and (111),"® which are the most
commonly exposed surfaces on face-centred cubic metals.™
This finding implies that adsorbate binding is not affected by
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the geometry of the host (at least for CO), and gives rise to
questions of far-reaching significance for future surface
science and theoretical investigations: are isolated dopant
atoms on flat (111) and (100) surfaces equivalent in terms of
reactivity? Do dopant atoms on different flat facets have
comparable electronic structures? Could typically structure-
sensitive reactions (e.g. N=N,** C=0,*' N=0 (ref. 22) bond-
breaking) exhibit similar behaviour on the two
aforementioned flat surfaces?

To shed light on these questions, we have employed
periodic DFT and investigate the catalytic activity of
numerous single atom and pure metal (100) and (111)
surfaces toward a number of structure-sensitive reactions that
include the dissociations of CO,, N, and NO. Although these
dissociations are used as prototypical reactions in our work,
they are ubiquitous steps in chemistries of fundamental
importance (e.g. NO reduction reaction, CH;OH synthesis,
NH; synthesis).

According to our data, the reactivity of the more open
(100) SAA facet is higher as compared to the reactivity of the
(111) SAA facet. This observation is also corroborated by our
computed density of states (DOS) projected onto the d states
of the single atom. However, we observe that the investigated
reactions show a noticeably lower structure-sensitivity on the
SAA surfaces than that observed on pure PGM metal surfaces.
This is a finding that may have a great impact upon the
search of optimum SAA catalysts, as it indicates that surface
science studies on a flat facet may yield valid conclusions for
a different flat facet, not under investigation. Besides SAA
surfaces, we also study the reactivity of highly dilute Ni/Cu
and Rh/Cu alloy surfaces, whereon Ni and Rh atoms form
small ensembles (Ni-Ni and Rh-Rh dimers, and Ni trimers).
We find that Ni/Cu binary alloys are remarkably competent
in activating chemical bonds, while being capable of
performing facile association reactions (e.g. N + N — N,).
Therefore, we underline that Ni/Cu dilute alloys may be
promising catalytic materials for a number of applications
(e.g. NO reduction by CO and CH3;OH synthesis).

2. Computational details

Periodic DFT calculations were performed within the
generalised gradient approximation (GGA).>* For these
calculations, we used the Vienna ab initio simulation package
(VASP),>*** which solves the Kohn-Sham equations in an
iterative manner.>® The projector augmented wave (PAW)
method was employed to model the interaction between the
core and valence electrons, and the kinetic energy cut-off was
set at 400 eV.”” Exchange and correlation effects were treated
with the optB86b-vdW functional,”®>° which accounts for
dispersive van der Waals (vdW) interactions. Spin-polarised
calculations were performed for gas-phase NO and O,, but
also for Ni surfaces and Ni-containing alloys; however on the
latter surfaces, we noticed that the magnetic moment of Ni
atoms was quenched during the simulation, which is
consistent with previous works.'®*" The low-index (100) and
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(111) surfaces were modelled by a 5-layer p(3 x 3) cell, and
periodic images along the z-direction were separated by a
vacuum of 10 A. The presence of a small number of dopant
atoms (i.e. up to three) on the surface layer of the highly
dilute and SAA surfaces will, in all probability, have an
unimportant effect on the lattice constant of the host
material. Therefore, the lattice constant of the alloy materials
was the optB86b-vdW computed lattice constant of the host
metal (i.e. Au, Ag or Cu). These lattice constants are reported
in the ESI of ref. 32. During geometry optimisation the three
top layers of the DFT slab and any adsorbed species were
allowed to relax, whilst the two bottom layers were fixed at
the calculated lattice constant. The electronic self-consistency
threshold was set to 10”7 eV, the Hellman-Feynman forces
were relaxed to less than 10 eV A™* and the first Brillouin
zones of the (111) and (100) surfaces were sampled with a 9 x
9 x 1 Monkhorst-Pack k-point mesh. Our k-point convergence
check shows that this simulation setup affords a good
accuracy (see section I in the ESIf). In turn, this permits us
to compare our computed activation barriers for the
dissociation of CO, reaction on the (100) surface to those
previously obtained on the (111) surface using a 13 x 13 x 1
k-mesh (see Fig. S21).>* The adsorption energy of a NO and
N, species bound to the surface (E,qs (A), where A = NO or
N,) was calculated using the following expression:

Ey(A)= ES™ —ENP — 0, (1)
where EAE' is the DFT total energy of a slab with the

adsorbed species thereon, El2P g the DFT total energy of the

clean slab, and E:fg) is the DFT total energy of the adspecies

in the gas phase. The corresponding adsorption energies of
O adatoms on the different surfaces are computed relative to
O, in the gas-phase:

£, (0,)= B =B —1/2x B @)

tot tot

O+slab

where Ei is the DFT total energy of a slab with an O

adspecies thereon, and Eslzl%’ is the DFT total energy of O, in

the gas phase.

The transition states (TSs) of the elementary reactions
studied, were located using the dimer method,*® and
vibrational frequency analyses verified that each TS found
was a first-order saddle point on the potential energy surface.
The activation barrier (E,) and the reaction energy (AE.y,) of
an elementary step are found from eqn (3) and (4),
respectively.

E, = Ers — Eps, (3)
AEy = Eps — Eis, (4)

where Ers, Ers and Ejg are the DFT-computed energies for the
TS, final state (FS) and initial state (IS), respectively.

This journal is © The Royal Society of Chemistry 2020
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Finally, the presented d projected DOS were computed
using LOBSTER version 3.2.0,>*” and the reported d-band
centres were calculated as the first moment of the obtained d
DOS:**

i, - Leele)te 5
J:w p(e)de

where p(e) is the electronic density of states distribution.

3. Results and discussion
3.1. Adsorption energies on SAA(111) and (100) surfaces

In our previous studies, we have explored the adsorption of
CO on the top dopant site of a number of Cu-, Ag-, and Au-
based SAA surfaces.'®° A highlight of our work was that the
binding strength of CO on SAA(111) and (100) surfaces is
almost identical."® Therefore, our results suggested that
isolated dopant atoms on flat facets show very similar
reactivity, which appears to be independent of the geometry
of the catalytic surface. To some extent, this phenomenon
can be attributed to the limited electronic and spatial overlap
between the dopant atom and its surrounding host metal
atoms.'®>"

Herein, we further investigate and compare the reactivity
of SAA(100) and (111) surfaces by calculating the adsorption
energy of other common adsorbates thereon. We compute
and report the adsorption energies of N,, NO and O on the
top dopant site of Cu-, Ag- and Au-based SAA(100) and (111)
surfaces, with Pt, Pd, Rh and Ni as dopants. With regard to
the most stable adsorption structure of the adsorbates under
investigation, our DFT calculations show that both N, and
NO prefer to adsorb in an upright linear configuration, with
N being closer to the alloy surface for the latter species (i.e.
the dopant atom) - (see Tables S5 and S6 in the ESI).

Fig. 1(a) shows a parity between the computed adsorption
energies of the three adspecies on the (111) and (100) SAA
surfaces. For greater clarity, we do not show which alloy
corresponds to which point in the plot, but a full list of the
adsorption energy values is provided in section IX of the ESL}
A first observation is that there is a strong correlation
between E,q5(111) and E,45(100) for the SAA surfaces, with the
vast majority of the plot points lying close to the parity line
(Fig. 1(a)). We also observe that the binding strength is
systematically stronger on the more open SAA(100) surfaces
than on the SAA(111) surfaces, by ca. 0.10 eV on average
(Fig. 1(a)). As noted earlier, one may expect a small electronic
interaction between the PGM atom and its coordination
environment.'® Yet, the narrow dopant-host interactions do
not rule out the transfer of charge between these two types of
surface species.'® Consequently, the observed disparate
reactivity in Fig. 1(a) may be the result of dopant-host charge
transfer, which occurs to a different extent on the SAA(100)
and (111) surfaces, given their different geometry.

This journal is © The Royal Society of Chemistry 2020
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The reactivity of pure metal and alloy surfaces is
conventionally explained by the position of the d band centre
(¢q) relative to the Fermi level: the higher the d band centre
the higher the reactivity of a catalytic surface.*® In an effort
to better understand the generally higher reactivity of the
SAA(100) facet as compared to the SAA(111) facet, we proceed
by computing the d band centres of the isolated PGM atoms
on the examined SAA surfaces (Fig. 1(b)). Interestingly, our
results reveal a strong correlation between &4(100) and
£4(111). In addition, we observe that £4(100) are always at
higher energy than g4(111), suggesting that the d band model
can rationalise the disparate reactivity exhibited by different
SAA facets. On the contrary, we realise that the same model
cannot explain the reactivity of different SAA surfaces that
belong to the same facet. In particular, we note that there
exists a poor correlation between the adsorption energies of
the investigated adspecies (i.e. Eyq5(O), Eaqs(N2) and E,q5(NO))
and the d band centres of the PGM for a specific facet (see
Fig. S3 in the ESIY).

Next, we study the electronic structure of the dopant on
the two low-index surfaces. To this end, we present the
corresponding d projected DOS plots for a number of dopant
atoms on coinage metal surfaces (Fig. 1(c)). As observed in
Fig. 1(c), the d band of the single atom exhibits very sharp
features close to the Fermi level for all Au- and Ag-based SAA
surfaces for both low-index facets.®® Conversely, Cu-based
SAA surfaces deviate, to some extent, from this behaviour,
probably because of a better electron density mixing between
the dopant and Cu atoms (Fig. 1(c)).*" We also note that the
DOS plots of SAA(100) surfaces are shifted slightly closer to
the Fermi level as compared to those of SAA(111) surfaces
(Fig. 1(c)). This shift in d DOS is consistent with the data
displayed in Fig. 1(b), and implies a higher electron density
available close to the Fermi level for the PGM atoms on
SAA(100). The end result is an enhanced interaction between
the SAA(100) dopants and the adsorbate species (Fig. 1(a)).

3.2. Assessing the reactivity of SAA surfaces by calculating
kinetic barriers

We continue by assessing the reactivity of SAA(100) and
SAA(111) surfaces by means of TS calculations. We compute
and report effective activation barriers with respect to the
most stable initial states for three typically structure-sensitive
reactions (for the definition of the effective barrier see
section VIII in the ESIf), which include the direct
dissociations of NO, CO, and N,,*°™*® over the same SAA
surfaces as before (Fig. 2). We also compute the same
barriers over seven (100) and (111) pure metal surfaces (i.e.
Pt, Pd, Rh, Ni, Ag, Cu and Au surfaces) - (Fig. 2). We point
out that the presented kinetic barriers for the CO,
dissociation reaction on (111) SAA and pure metal surfaces
are taken from ref. 32 (Fig. 2(b)).

To verify the reliability of our calculations, we first
compare our results to data reported in the literature. The
direct dissociation of NO is underscored as a crucial step for

Catal. Sci. Technol,, 2020, 10, 5815-5828 | 5817
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Fig. 1

(a) Parity plot between E,4s(100) and E,4s(111) for the adsorption of N, NO and O on the top dopant site of a number of SAA surfaces; for

clarity, we also show the adsorption energies of the three species on the most stable adsorption site of the corresponding monometallic (MM)
surfaces which include Pt, Pd, Rh, Ni, Ag, Au and Cu surfaces (points without outline). (b) Linear correlation between £4(100) and &4(111) of the
dopant d states of the SAA surfaces. The parity line is shown as a dashed black line in panels (a) and (b); determination coefficients (R?) and fitting
lines are shown in both panels (a) and (b). In the linear fit in panel (a) only the SAA surfaces are considered (points with black outline). (c) d DOS
plots for all the SAA(100) and (111) surfaces, whereby the DOS are projected onto the d states of the single atom.
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Fig. 2 E,(100) and E,(111) parity for SAA surfaces (red circles), pure metal surfaces (green squares) and Ni ensembles on Cu (orange diamonds) for
(a) the direct dissociation of NO; (b) the dissociation of CO,, and (c) the dissociation of N,. (d) Cu nanoparticles whereon the geometry of Ni and
Rh ensembles (Ni,Cu, Rh,Cu and NizCu) on the (100) and (111) surfaces is highlighted. Cu and Ni or Rh atoms are shown in orange and purple,
respectively. The red lines in panels (a)-(c) are linear fits of only the SAA data (red circles).

the NO reduction with CO. According to theoretical and
experimental studies, under some circumstances this
reaction step can be the rate determining step (RDS) of the
NO + CO reaction.***> Among the commonly employed pure
metal catalysts in three-way catalytic converters (i.e. Rh, Pt
and Pd), Rh is the only metal that is capable of activating the
N=O0 bond at low temperatures.*" This observation is in line
with our DFT calculations, which show that the activation
barriers for the NO dissociation reaction over Rh surfaces
(i.e. E, = 0.44 eV and 1.42 eV for Rh(100) and Rh(111),
respectively) are considerably lower than those over Pd and
Pt surfaces (E, = 1.44 eV, 2.25 €V, 0.81 eV and 2.05 eV for
Pd(100), Pd(111), Pt(100) and Pt(111), respectively) -
(Fig. 2(a)). Based on our simulations, the initial state of this
reaction involves a nitric oxide molecule, which is adsorbed
in an upright linear configuration with the N atom closer to a
hollow site (3-fold and 4-fold for (111) and (100) surfaces,
respectively) - (see Fig. S14 and S157). The only exception to
that is Rh(100), where we find that a different adsorption
configuration, with NO almost parallel to the surface, is
thermodynamically more stable than the upright linear
adsorption structure. This is consistent with previous
theoretical studies;*® in addition, our computed NO
dissociation barriers on Rh(100), Rh(111), Pd(100) surfaces

This journal is © The Royal Society of Chemistry 2020

are consistent with activation barriers reported in previous
theoretical and experimental works.*"*7~>!

Regarding the dissociation of CO, on Cu(100), we compute
E, = 0.95 eV, namely a value which is in excellent agreement
with the experimentally determined value by Chorkendorff
and co-workers of E, = 0.96 + 0.05 eV.”> We also note that
there is also an excellent match between our calculated E, for
Ni(100) and Rh(100) surfaces and those reported by Liu et al.
(Fig. 2(c)).** Furthermore, in Fig. S5 of the ESL;} we provide
the activation barriers for the reverse reaction (i.e. CO
oxidation to CO,). Our data, in line with other studies,
suggest that the catalytic CO oxidation is very facile on pure
metal Ag and Au surfaces,”>>* while relatively low activation
barriers are calculated for Cu(111) and Cu(100) surfaces (0.48
eV and 0.73 eV, respectively) - (Fig. S57).

An important observation in Fig. 2(a)-(c) is that all three
dissociation reactions are, in most of the cases, more facile
on (100) SAA and pure metal surfaces than on the
corresponding (111) surfaces. Indeed, according to Liu and
Hu,” one should, in general, expect more facile bond
activation on more open surfaces and on those containing
under-coordinated sites (e.g. steps and kinks). This is not true,
however, for association reactions, which often show little or
no structure-sensitivity.”> In our results, the structure-

Catal. Sci. Technol, 2020, 10, 5815-5828 | 5819
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sensitivity of reactions that involve N—0O, C=0 and N=N
bond-breaking is clear for PGM surfaces (i.e. Pt, Pd, Rh and
Ni), for which there is a significant scatter in the data
(Fig. 2(a)—(c)). By contrast, the dissociation barrier differences
between the (111) and (100) SAA surfaces are relatively small,
and noticeably less accentuated in comparison to
monometallic PGM surfaces (Fig. 2(a)-(c)). The same is true
for coinage metal surfaces as well.

In order to quantify the average difference between the
computed kinetic barriers on the two low-index surfaces, we

define the following metric, Ek:

Ng

)

k i=1

E,,;(100)-

ak1(111)|’

k € {SAAs, PGMs, Coinage Metals, All Pure Metal Surfaces}

(6)

where Ny is the number of surfaces in group k (where k €
{SAA surfaces, PGM surfaces, coinage metal surfaces, all pure
metal surfaces}), E,; are the computed activation barriers
for surface i that belongs to group k, and Ng is the total
number of surfaces in group k. Thus, for each catalyst group

k, D,
dissociation barriers computed for (111) surfaces deviate
from those for the more open (100) surfaces.

is indicative of the average extent by which the

Table 1 summarises values of DT( for the dissociations of NO,

CO, and N,. We note that D,,, and D, show similar

Coinage Metals

values for the three dissociation reactions, and an average

|DSAAs - DCoinagc Metals

of just 0.11 eV (Table 1). Along these lines,

bond scission processes seem to exhibit low structure sensitivity
on both pure coinage and SAA low-index surfaces.
On the other hand, we find that the deviation between

E,(100) and E,(111) for PGM surfaces (D, )

is, on average,
larger by ca. 0.38 eV than that for SAA surfaces. Accordingly,
it appears that a significant “part of the structure-sensitivity”
of dissociation reactions is diminished on SAA surfaces as
compared to the PGM surfaces, and this is an important
observation from a surface science standpoint. The “retained
structure-sensitivity” of SAAs can be ascribed to two factors:
(i) the slightly different electronic d-band structure of the

dopant on SAA(100) and (111) (see Fig. 1(b) and (c)), and (ii)

View Article Online
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of the TS structure. Indeed, the TS geometries for the N, and
NO dissociations are quite extended, and involve mainly
mixed metal sites (see Fig. 3 for SAA(100) surfaces, Fig. S6, S7
and S12 in the ESI}).”® Yet, the scission of the C=0 bond of
CO, appears to happen closer to the top dopant site, hence

the relatively small DS AAs

and Fig. S9 in the ESIY).

Finally, the group all pure metals (Table 1) includes all the
pure metal surfaces (i.e. PGM and coinage metals). Although
this group contains the coinage metal surfaces which do not
exhibit pronounced structure sensitivity for the bond cleavage

for this reaction (see Fig. 3, Table 1

values that are always

reactions, we compute D, v

-D, over the

Coinage Metals

larger than p_,, and an average

SAAs SAAs

three reactions of ca. 0.23 eV.

3.3. Highly reactive Ni and Rh ensembles on Cu-based alloys

Another noteworthy feature of Fig. 2 is that, in general, Cu-based
SAAs show considerably lower dissociation barriers as compared
to Ag- and Au-based SAA surfaces (Fig. 2(a)-(c)). The high
activity of Cu-based SAAs toward numerous chemical reactions
has been experimentally confirmed.*'"'* We determine that,
among the Cu-based SAAs, Ni/Cu and Rh/Cu bimetallic alloys
exhibit the lowest dissociation barriers. The most facile bond
cleavage reactions are predicted to occur on Ni/Cu surfaces
(Fig. 2(a)-(c)). This behaviour may be explained by: (1) the
more localised d states of the isolated Ni atom on Cu as
compared to the broader d states of Rh, Pt and Pd atoms on
the same host metal (Fig. 1(c)), and (2) the closer position of
the d DOS peak of Ni on Ni/Cu to the Fermi level than the
corresponding Pt and Pd peaks on Pt/Cu and Pd/Cu,
respectively (Fig. 1(c)).

Yet, our simulations show that the computed kinetic
barriers on pure metal Ni and Rh surfaces are always lower
than those of the Ni/Cu and Rh/Cu SAA surfaces (Fig. 2(a)-
(c)). For example, the activation barriers for the direct
dissociation of NO on Rh(111) and (100) surfaces are 1.42 eV
and 0.44 eV, respectively, while on Ni/Cu(111) and (100) SAA
surfaces are 1.47 eV and 1.07 eV (Fig. 2(a)). Along the same
lines, the dissociation of CO, appears to be more facile on
Rh(100) (E, = 0.28 eV) than on Ni/Cu(100) (E, = 0.64 eV) -
(Fig. 2(b)). Finally, the same trend holds true for the
dissociation of N, for which our computed barriers for SAA
surfaces are very large (i.e. E, > 3.0 eV), and large for pure

geometric effects that arise as a result of the extended nature =~ metal surfaces (i.e. E, > 2.0 eV) - (Fig. 2(c)).

Table 1 Hk values for SAA and pure metal surfaces for the three examined dissociation reactions

Reaction DSAAS (ev) PGM: (ev) Coinage Metals (ev) DAll Pure Metals (eV)
1. NO* — N* + O* 0.27 0.94 0.15 0.60

2. CO¥ — CO* + O* 0.13 0.42 0.33 0.39

3. N¥ — N* + N* 0.39 0.55 0.36 0.49
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Final State

Fig. 3 Top view of representative IS, FS and TS structures on SAA(100) surfaces for the (a) dissociation of CO,; (b) dissociation of NO and (c)
dissociation of N,. Dopant and host metal atoms are shown in dark green and orange, respectively. N, O and C atoms are shown in blue, red and
grey, respectively. The structures of this figure correspond to the Pd/Cu(100) system, but they are representative for the majority of the SAA(100)

surfaces.

In an effort to circumvent the “kinetic barrier gap” between
SAA and pure metal surfaces, we proceed by investigating the
reactivity of small PGM “ensembles” (i.e. dimers and trimers),
on Cu surfaces. PGM ensembles embedded on coinage host
surfaces have recently drawn the attention of the catalysis
community. For example, Wang et al.>” demonstrated that Pd-
Pd dimers on a Au host matrix exhibit optimal catalytic
performance during the electroreduction of CO,. Qiu et al.”®
proposed that Co trimers and tetramers on a Cu host are highly
active and selective for the synthesis of CH;OH via the
hydrogenation of CO,. Kim and Henkelman argued that only
ensembles of more than three Pd atoms can catalyse the
oxidation of CO on Pd/Au alloys.” Finally, recent ab initio
Monte Carlo and machine learning studies reveal that the size
and geometry of dopant ensembles can be tuned under reactive
conditions, thereby providing the means for tailoring the
catalytic performance of dilute alloys.®”®" Herein, we focus our
attention on Ni and Rh ensembles on a Cu host (i.e. Ni-Ni
dimers and Ni trimers, which will be denoted as Ni,Cu and
Ni;Cu, and Rh dimers Rh,Cu) - (Fig. 2(d)). This is because
Ni/Cu and Rh/Cu SAA surfaces demonstrate the highest
capability of activating chemical bonds (Fig. 2(a)-(c)), and
because Ni/Cu alloys are composed of relatively inexpensive
metals and are therefore attractive from a practical
standpoint. Regarding the Rh/Cu dilute alloys, we focus on the
performance of Rh-Rh dimers on Cu, as previous works indicate
that the SAA phase on Rh/Cu exhibits high thermodynamic
stability under both vacuum and reactive conditions.®® Along
these lines, we assume negligible formation of clusters larger than
Rh-Rh dimers at low concentration of Rh over these surfaces.

This journal is © The Royal Society of Chemistry 2020

Our data suggests that the kinetic barriers for NO or CO,
dissociation on Rh-Rh dimers are comparable to or higher
than those on the Rh/Cu SAA surfaces (Fig. 2(a) and (b)). On
the contrary, the breaking of N—0O, C—=0 and N=N bonds is
easier on Ni ensembles than on isolated dopant atoms on
coinage metals (Fig. 2(a)-(c)). Therefore, the presence of
small Ni aggregates on the catalytic surface appears to be
beneficial for the catalytic activity toward dissociation
reactions. Remarkably, we realise that Ni,Cu, Ni;Cu surfaces
perform almost equivalently to commonly employed PGMs in
catalysis, such as Ni, Pt and Rh (Fig. 2(a)-(c)). For the direct
dissociation of NO, which is a key reaction step for the NO +
CO reaction,” Ni,Cu(111) and Ni;Cu(111) demonstrate
moderate kinetic barriers of 1.30 eV and 1.37 eV, respectively.
These barriers are lower than the corresponding barriers for
Rh(111) (E, = 1.42 eV) as well as than those for Pd(111), and
Pt(111) (E, = 2.25 eV and 2.08 eV, respectively) - (Fig. 2(a)).
Additionally, the desorption energies of NO from Ni dimers
and trimers are larger (within the range of 2.7-3.1 eV for both
low-index surfaces; see Table S17) than the corresponding NO
dissociation kinetic barriers, indicating a high probability for
NO dissociation over Ni ensembles. This dissociation
probability will also be large on the Ni(111) surface (where we
find E, = 1.29 eV and a desorption energy of NO of 2.84 eV;
see Table S17), but not that large for pure Cu(111) whereon
the NO dissociation barrier (E, = 1.56 €V) is almost identical
to the corresponding desorption barrier (1.55 eV). Finally, it
should be mentioned that on the (100) surface the lowest
kinetic barrier is observed for Rh(100) - (E, = 0.44 eV),
justifying the extensive use of Rh in catalytic converters.
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Moreover, the cleavage of the C=O0 bond is quite facile on
NizCu and Ni,Cu surfaces (E, < 0.5 eV for both Ni ensemble
surfaces). Regarding their pure metal counterparts, our
calculations imply that the desorption of CO, will be
preferred to its dissociation over Ni(111), Cu(111) and
Cu(100) (see Tables S2 and S3 in the ESIf). Remarkably, the
same is not true for Ni-Ni dimers and trimers, where we
compute CO, desorption energies that are larger than the
CO, dissociation barriers on these surfaces (see Table S4 in
the ESIT). Accordingly, we conclude that CO, dissociation will
be generally favoured against CO, desorption over that Ni
ensemble surfaces. The only exception to that is the
Ni,Cu(111) surface for which the dissociation and desorption
energies are 0.47 eV and 0.37 eV, respectively.

The better efficiency of Ni,Cu and Niz;Cu in cleaving
chemical bonds compared to the Ni/Cu SAA, can be
rationalised by the electronic structure of these systems
(Fig. 4). Based on the IS and TS structures of the examined
dissociation reactions, we realise that, with the exception of
the NizCu(111) surface, the adsorbate species mainly interact
with mixed sites on the Ni/Cu surfaces (ie. sites that are
surrounded by both Cu and Ni atoms) - (see Fig. 3, and S8,
S10 and S13 in the ESIf). These mixed sites, whereon the
bond breaking occurs, are composed of three and four
surface atoms for (111) and (100) dilute alloy surfaces,
respectively, and are displayed in the insets on the right of
Fig. 4 for the Ni/Cu dilute alloy and SAA surfaces.

Also shown in Fig. 4(a) and (b) are the d DOS projected
onto the atoms of the mixed active sites of SAA and dilute
alloy surfaces. Almost all DOS plots exhibit bimodality; the
first peak on the right (between 0 eV and -1.3 eV) is related
to the d states of the embedded Ni atoms, while the broader
peak on the left (between -1.5 eV and -4.5 eV) corresponds to
the d states of Cu atoms (Fig. 4(a) and (b)). On the other
hand, the NizCu(111) surface is hardly bimodal, and this
stems from the fact that the active site for the dissociation
thereon is composed only of Ni atoms (Fig. 4(a)).

View Article Online
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Importantly, we observe that the right DOS peaks of Ni;Cu
and Ni,Cu exhibit higher intensity and are closer to the
Fermi level than the corresponding peaks of the two SAA low-
index surfaces (Fig. 4). Along these lines, one may expect that
electron back-donation from the mixed active site of the
former surfaces to the antibonding orbitals of the adsorbates
will be more pronounced compared to that on the Ni/Cu SAA
surfaces. Charge transfer in this direction leads to the
formation of dissociation precursors (e.g. CO,” during CO,
dissociation),”> and thus is a crucial process in bond
breaking reactions. This observation explains the generally
higher efficiency of small Ni ensembles (ie. dimers and
trimers) than isolated Ni atoms in activating chemical bonds

(Fig. 2(a)~(c)).

3.4. On the performance of Ni and Rh ensembles in
association reactions

According to our discussion in the previous section, small Ni,
and Rh to a smaller extent, ensembles on Cu surfaces show
promising performance in relation to the activation of
chemical bonds. The next step is to examine the performance
of the Rh,Cu, Ni,Cu and Ni;Cu surfaces toward association
reactions, which are often equally important to dissociation
reactions. We focus on the reverse reactions to those
presented in Fig. 2, namely the formation of NO, N, and CO,.
Besides the aforementioned highly dilute alloy surfaces, we
also investigate the performance of pure Cu, Ni and Rh
surfaces, as these catalysts are the monometallic counterparts
of the dilute alloys. Before proceeding to our results, we
briefly discuss some fundamental principles with regard to
association reactions. This discussion will help wus in
deciphering the observed trends in our simulation data.

In general, the barrier of an association reaction (e.g. A* +
B* «— AB¥) can be decomposed into terms that are associated
with the geometric and electronic effects on the kinetic
barrier as follows:**

@ P
. ——Ni,Cu(111)
2 20 | [——Ni,Cu(111)
;,’ ——NiCu(111)
(o]
=t

NiCu(111) NisCu(111)

%% s

® o
= ——Ni,Cu(100)
g- 20 |- |——Ni,Cu(100)
g ——NiCu(100)
a 10+
0

6 5 -4 3 2
E-E (eV)

-1

Fig. 4 d DOS plots for the Ni/Cu SAA and dilute alloy (a) (111) and (b) (100) surfaces, whereby the DOS are projected onto the d states of the
mixed active sites shown on the right inset of each DOS plot. The mixed active sites are highlighted in the same colours as those of the

corresponding DOS curves.
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where EX°, EL°, EX and Ej; are the chemisorption energies of
A and B in the TS and IS positions, respectively, and ESS and
ES. account for the interactions between the reactants A and
B in the TS and IS, respectively.®® The latter terms are often
positive as a result of repulsive interactions between the two
reactants.

The chemisorption energies in eqn (7) are strongly related
to the local electronic environment (i.e. the position of the d
band centre) of the surface whereon the reactant species are
bound to. These terms may be considerably different for
chemisorption on under-coordinated sites (e.g. steps, kinks)
than for chemisorption on flat surfaces (e.g. sites on the (111)
surface), and quantify the contribution of the electronic
effects to the association barrier.’® Importantly, a large
number of association reactions, including these examined
here, exhibit early TSs. In such cases, the IS structure closely
resembles the TS structure (e.g. see panels in Fig. 3 in the
reverse order), thereby rendering Ei° and Eg° similar to Ex
and EY, respectively. On this basis, it is generally true that
the contribution of electronic effects to the structure
sensitivity of association reactions is small,>® but not
necessarily negligible.

Furthermore, the contribution of the geometric effects to
E3® is described by Efy and Ep,”® which quantify the
interactions between the two reactants in the TS and in the
IS. These interactions arise as a result of: (i) bonding
competition effects,®® and (ii) the direct Pauli repulsion
between the reactant species.’” The former effects are
important when the reactants are bonded to the same metal
atom in the TS and/or IS structures.®> A good example is the
activation of CH, over a Pt/Ag(111) SAA surface, where CH;3
and the activated H adatom share the top Pt site in the TS.**
Accordingly, we expect that bonding competition effects will
be alleviated for the NO, N, and CO, formation reactions on
Rh, Cu, Ni, Rh,Cu Ni,Cu and NizCu(100) and (111) surfaces,
for which in the TS and IS, the reactants are located in
different hollow sites and are not competing for the same
metal top site (see Fig. S8, S10 and S13-S187).

Regarding the direct Pauli repulsions, we note that these
effects are important when the distance between the reactant
species is less than 2.5 A.°* Within this range of distance
there will be a direct overlap between the wavefunctions of
the reactants.®® Fig. 5, panels (a) and (b) summarise these
distances (d,_g) for the three studied reactions on dilute and
pure metal surfaces for the TS and IS structures, respectively.
It is noted that for all the ISs dyp > 2.5 A, while for all the
TSs the opposite is true and in the vast majority of the cases
dans < 2.0. Therefore, the magnitude of direct Pauli
repulsions in the IS will be small, and Efy, in eqn (7) will be
approximately zero.’>®* Conversely, Pauli repulsions will be

This journal is © The Royal Society of Chemistry 2020
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significant in the TSs and the magnitude of a computed
association barrier will be heavily dependent on Ei};

Our computed barriers for the formation of N,, NO and
CO, are shown in Fig. 6(a)—(c) from where we note that these
association reactions exhibit significant structure-sensitivity
(Fig. 6(a)). This behaviour can be loosely attributed to the fact
that, in many cases, the reaction intermediate species reside
in high coordination sites (i.e. threefold and fourfold sites) -
(Fig. 5(c)-(h)).®® The lowest structure-sensitivity is seen for the
oxidation of CO, where CO and O in the TS are always bound
to low coordination sites (ie. top and bridge sites) -
(Fig. 5(e) and (h)).®® Importantly, for all the association
reactions, we observe that the Cu and dilute alloy surfaces
follow the same trend by which the computed barriers on the
(111) surfaces are lower than those of the corresponding (100)
surfaces. The exact opposite trend is observed for Rh surfaces
(Fig. 6(a)-(c)). These trends are associated with the extent of
the direct Pauli repulsions between the reactants in the TS on
these surfaces (we discuss this in the following paragraphs).

Particular attention is paid to the formation of N, as this
reaction is a crucial elementary step for the NO reduction by
CO because of the following reasons: (i) this association
reaction frees up active sites that can catalyse subsequent
surface reactions, and (ii) it is the RDS of the NO + CO
reaction at high temperatures.** The IS of this reaction
involves two N adatoms on hollow sites, whilst in the FS, N,
is vertically adsorbed on a top site (see Fig. S13, S16 and
$171).2*%” In order to verify the reliability of our data, we
compare our computed kinetic barrier on Rh(111) - (E, =
1.84 eV) to the value reported by Ishikawa and Tateyama for
the same reaction pathway of N, formation (E, = 1.78 eV),**
and we find a reasonable agreement.

Our simulations show that the N, association reaction
proceeds with similar kinetic barriers on the Rh,Cu(100), Ni
ensemble (100) - (i.e. Ni,Cu & Ni3Cu), Cu(100) and Rh(100)
surfaces (Fig. 6(a)). These barriers are large, being within the
range of 1.5-2.0 eV, and the lowest values are observed for
Rh(100) and Ni,Cu(100) (1.50 eV and 1.57 €V, respectively) -
(Fig. 6(a)). We also find a very large association barrier on
Ni(100) (E, = 2.82 eV), whereon the formation of N, will be an
extremely rare event.

Interestingly, the formation of N, is dramatically more
facile on Ni ensembles, Rh-Rh dimers and Cu(111) surfaces
as compared to the Rh(111) and Ni(111) surfaces. For
example, the kinetic barrier for the Ni,Cu(111) surface (E, =
0.62 eV) is lower than that for Rh(111) (E, = 1.85 eV) by 1.23
eV and that for Ni(111) (E, = 1.54 eV) by 0.92 eV (Fig. 6(a)).
This observation, along with the ability of Ni ensembles to
dissociate the N=—O bond, and the relatively low CO
oxidation barriers of Cu surfaces (Fig. 6(c)), make us envision
a bifunctional Ni/Cu alloy suitable for the reduction of NO.
On this alloy catalyst, Cu atoms will be the active sites for the
oxidation of CO,°® while Ni ensembles will provide the sites
for the N—O0O bond cleavage and the formation of N,.

As pointed out earlier, an interesting observation is that
the kinetic barrier for the formation of N, for Rh(100) is
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Fig. 5 Reactant distances in the (a) TS and (b) IS structures for the three association reactions on the dilute alloy and pure metal (111) and (100)
surfaces. The dashed line marks the 2.5 A distance, below which Pauli repulsions become significant. Top view of the TS structures for the three
reactions on the (111) and (100) pure metal surfaces (panels (c)-(e) for N, NO, CO,, respectively) and dilute alloy surfaces (panels (f)-(h) for N, NO,
CO,, respectively). O, N and C atoms are shown by red, blue and grey, respectively. Ni, Cu and Rh atoms are shown in purple, orange and dark

green, respectively.

lower than that for Rh(111) - (i.e. E4(111) > E,(100)), while
the opposite trend is true for the rest of the examined
surfaces (i.e. Ey(111) < E,(100)) - (Fig. 6(a)). This is true for
the other association reactions as well (Fig. 6(b) and (c)),
namely bond formation is more facile on the most densely
packed dilute alloy (111) surfaces (Ni,Cu, Ni;Cu and
Rh,Cu).

5824 | Catal. Sci. Technol., 2020, 10, 5815-5828

According to our previous discussion the preponderant
contribution to the computed association barriers stems from
the direct Pauli repulsion between the reactants in the TS.
Qualitative insights into the magnitude of the Pauli repulsion
can be provided by the local DOS of the reactant species in
the TS position.®> To this end, we analyse the N 2p-projected
DOS of a single N atom adsorbed on the same position as in

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Computed barriers for the formation of (a) Ny; (b) NO and (c) CO, on different (100) and (111) dilute alloy and pure metal surfaces (colour
coding shown in the legend below the bar charts). Panels (d) and (e) show the 2p-projected DOS of an N atom adsorbed on Ni,Cu and Rh surfaces,
respectively. Panels (f) and (g) show the 2p-projected DOS of an O atom adsorbed on Ni,Cu and Rh surfaces, respectively. The insets in panels
(d)-(g) show the top view of the DFT slabs where the positions of the adatoms (N and O) is highlighted. Cu, Ni, Rh, O and N atoms are shown in
orange, purple, dark green, red and blue, respectively. The area shaded in green in panels (d)-(g) is the p-d bonding area.

the TS structure for the following four surfaces: Ni,Cu(111),
Ni,Cu(100), Rh(111) and Rh(100) - (Fig. 6(b) and (c)). The
former two surfaces are representative of the E,(111) <
E,(100) trend, while the latter two follow the E,(111) > E,(100)
trend. Our DFT calculations show that the TS position for the
N atom is near a bridge site for Rh(100), Rh(111) and
Ni,Cu(111) surfaces and near a mixed 4-fold site for
Ni,Cu(100) - (Fig. 5(c) and (f)).

The DOS plots are displayed in Fig. 6(d) and (e), and the
main difference between the DOS curves is observed in the
region between -7.0 eV and -5.0 eV; this is the region where
the p orbitals of the N adatom mix with the d states of the
catalytic surface (i.e. the p-d bonding region).®”> We realise
that the 2p-projected DOS in the p-d bonding region of the
Ni,Cu(100) surface has much higher intensity and appears
more localised than on the Ni,Cu(111) surface (Fig. 6(d)).
Therefore, we expect a larger Pauli repulsion between the N
adatoms on Ni,Cu(100) than on Ni,Cu(111), thereby
explaining the large difference in the computed barriers (E, =
1.57 eV and 0.62 eV for Ni,Cu(100) and Ni,Cu(111),
respectively). Similarly, the N 2p-projected DOS for Rh(111)
and Rh(100) show an overall higher density of states in the

This journal is © The Royal Society of Chemistry 2020

p-d bonding region for the former surface than for the latter
(the total areas below the DOS curves in the p-d bonding
region are 1.62 for Rh(111) and 1.35 for Rh(100); Fig. 6(e)).
However, in this case the intensity of the peaks is similar
(Fig. 6(e)), and consequently there is no dramatic difference
in the barriers exhibited by the two surfaces (E, = 1.85 eV and
1.50 eV for Rh(111) and Rh(100), respectively).

The observed trends for the formation of NO can be
rationalised along the same lines as for the formation of N,.
We find that for the former reaction E,(100) > E,(111) on the
three dilute alloy surfaces, and that the TS structures on both
Ni,Cu(111) and Ni,Cu(100) facets involve an O adatom on a
mixed bridge site (Fig. 5(g)). By analysing the 2p-projected
DOS of the O adatom in the mixed bridge sites of the two
aforementioned surfaces, we note that the DOS peaks in the
p-d bonding area are similar in terms of intensity and width
(Fig. 6(f)). This may be an indication that the observed
differences between the barriers of the NO formation on
(111) and (100) dilute alloy surfaces arise largely from the
disparate electronic structure of the N atoms on these
surfaces (Fig. 6(d)), and not from both reactants. Accordingly,
the barrier differences between the (111) and (100) surfaces
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for the association of NO are much smaller than that for the
formation of N, (Fig. 6(a) and (b)). Finally, Fig. 6(g) shows the
2p-projected DOS of an O adatom on Rh(111) and Rh(100)
surfaces. The O DOS on Rh(111) exhibit a higher intensity
and are more localised than the DOS for Rh(100), thereby
explaining the E,(100) < E,(111) trend in Fig. 6(b).

As a final remark, regardless of the showcased capability
of Ni ensembles to perform facile N, formation and N—O
bond scission, we acknowledge that further studies are
required to establish Ni/Cu dilute alloys as promising NO
reduction catalysts. In particular, additional reaction steps
that take place during the NO + CO reaction have to be
examined (e.g. the formation of N,0).*””" Moreover, in the
presence of CO, the formation of harmful Ni(CO), species is
a common problem for Ni-based catalysts, and this would
also have to be taken into account. Finally, kinetic Monte
Carlo simulations, which account for adsorbate-adsorbate
interactions,”””® should be performed in order to unveil
phenomena occurring at the mesoscale. This will also enable
an accurate comparison between the Ni/Cu dilute alloy and
currently employed metals in catalytic converters (Pd, Pt and
Rh). Ongoing research activities in our lab are dedicated to
these additional considerations.

4. Concluding remarks

In summary, we have presented and discussed a large amount
of data, which can serve as a guide for future experimental
and theoretical studies that aim at developing SAA catalysts.

Our work focused on the reactivity of numerous SAA(100)
and SAA(111) surfaces. By means of adsorption and TS
calculations, we demonstrated that the reactivity of isolated
PGM atoms doped on these two low-index coinage facets is,
to some extent, dissimilar. This disparity in reactivity is
mainly attributed to the distinct electronic
demonstrated by dopant atoms when exposed to different
coordination environments. Remarkably, however, our results
underscore that (dissociation) reactions that exhibit
significant structure-sensitivity on PGM surfaces, appear to a
large extent structure-insensitive when they take place on
(111) and (100) SAA and coinage metal surfaces. This is a
result with far-reaching implications for future single-crystal
and catalysis studies where the activation of chemical bonds
is of central importance. In more precise terms, this result
implies that works over the (111) SAA facet may give insight
into the behaviour of the (100) SAA facet, and vice versa,
thereby accelerating the development and design of optimal
SAA catalysts. From a catalysis standpoint, the reduced
structure-sensitivity of reactions on SAA surfaces may
eliminate the need for precise engineering of the structure
and geometry of catalytic nanoparticles.

Finally, we have examined the reactivity of small Ni and
Rh ensembles (ie. Rh-Rh dimers, Ni-Ni dimers and Ni
trimers) on a Cu host toward the cleavage of N—O, C=0 and
N=N chemical bonds. The Ni ensembles show increased
capability in activating the aforementioned chemical bonds

structure
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as compared to the SAA surfaces studied herein. By contrast,
small Rh ensembles offer no significant benefit as compared
to isolated Rh atoms on Cu. Importantly, the performance of
Ni,Cu and Ni;Cu surfaces with respect to association and
dissociation reactions was found similar (or even better in
some cases) to those of well-established pure metals in
heterogeneous catalysis (e.gz Rh, Pt and Pd), thereby
underlining the potential of these materials for the catalysis
of important reactions.
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