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We demonstrate that PdAu single-atom alloy model catalysts offer
a heterogeneous route to selective Wiirtz-type C-C coupling.
Specifically, when methyl iodide is exposed to an otherwise
unreactive Au(111) surface, single Pd atoms in the surface layer
promote C-I dissociation and C-C coupling, leading to the selective
formation of ethane.

Carbon-carbon (C-C) coupling is a ubiquitous step in chemical
transformations. It is often performed using homogeneous
palladium catalysts with reaction selectivity tuned by the
ligands around the Pd atom. A major drawback with
homogeneous Pd catalysts is the recovery of both the catalyst
and the often expensive ligands upon separation of the
products.l2 These Pd complexes can also be toxic and require
harsh conditions to facilitate Ullmann-type C-C coupling.? Since
these C-C coupling reactions are most often catalysed by
sometimes-problematic homogeneous methods, there is a
great interest in discovering heterogeneous routes that offer
much greater ease of separation of products and catalyst
recovery. There have been previous reports that Pd
nanoparticles are active for C-C coupling, but the active site for
the coupling is still debated.* The role of the metal surface in
catalysing coupling reactions has been examined using the tools
of surface science and these experiments have investigated
several different coupling reactions including Ullmann,>¢
Wiirtz,” Sonogashira,® and Suzuki-Miyaura.® This approach to
these complex reactions is particularly powerful as it enables
identification of active sites on the surface and can yield a direct
correlation of site type with reaction pathway. Of particular
interest is the coupling of two sp3 carbons, which has remained
a relatively challenging synthetic route.10
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Recently there have been advances in using Pd active sites
in heterogeneous catalysts at their smallest ensemble size by
isolating single Pd atoms and anchoring them on a various
supports.1112 This method has been demonstrated to be more
active for Sonogashira coupling and Suzuki-Miyaura couplings
relative to the typically used homogeneous catalysts. In an
effort to understand how single reactive dopant atoms in the
surface of an unreactive metal catalyse reactions, we have
investigated fundamental structure-reactivity relationships in
ethane production from methyl iodide (Mel) on various PdAu
alloys. By combining Scanning Tunnelling Microscopy (STM),
Temperature Programmed Desorption (TPD), Density
Functional Theory (DFT) and kinetic Monte Carlo (kMC)
simulations, we are able to elucidate the atomic-scale structure
of the surface, relate this to reaction activity and selectivity, and
understand the relevant reaction energetics. We find that
pristine Au(111) surfaces are largely inactive towards cleavage
of C-1 bonds. Introduction of small amounts of Pd in the form of
individual, isolated atoms, promotes both the C-I dissociation
and sp3-sp3 C-C coupling steps. This C-I bond cleavage has been
proposed to be the
Sonogashira coupling in previous Ultra-High Vacuum studies.8

rate-limiting step on Au(111) for

At higher coverages of Pd, the coupling channel is suppressed
and decomposition pathways dominate. We report via isotope
labelling studies and DFT-parameterised kMC simulations that
PdAu single-atom alloys (SAA) enable C-I cleavage and
subsequent sp3-sp3 coupling of methyl groups without the
activation of C-H bonds, which would lead to decomposition
(coking) as seen on platinum group surfaces or formation of sp?
coupling products as seen on Cu surfaces.

In order to examine the reactivity of PdAu(111) alloys
towards C-C coupling, we expose a variety of PdAu(111) alloys
to deuterated methyl iodide and monitor ethane formation as
the crystal is heated. As seen in Figure 1, the Au surface shows
negligible activity for this reaction when the deuterated methyl
iodide is dosed at 80 K and then heated. Nonetheless, we do see
a small amount of ethane formation at 300 K when we expose
the Au(111) surface to methyl iodide at 250 K.
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Figure 1: Ethane formation on various PdAu(111) alloys. (a) TPD experiments on Au(111), 3% PdAu(111), 10% PdAu(111), and 90% PdAu(111) surface alloys. Each surface was
exposed to 1L CDsl at 80 K with the exception of the 250 K exposure which was 2 L. (b) STM Image of PdAu(111) SAA. Small white protrusions are the Pd atoms and the larger
lines are the so-called herringbones of the 22xV3 reconstruction of Au(111). The points at which the herringbones change direction contain an edge dislocation defect.
(c) Schematic of the proposed reaction mechanism. (d) STM Image of PdAu(111) showing extended Pd ensembles in the form of one atom high islands on the Au(111) surface.

Similar activity on Au(111) has been observed in previous
work by Paul and Bent and attributed to defects in the Au
surface that facilitate C-I cleavage supplying methyl groups
which couple to form ethane.13 Most interestingly, we find that
small amounts of Pd (3 % surface composition) promote both
the initial C-I cleavage and the coupling of methyl groups. At
these coverages, the Pd sites exist in the form of a PdAu(111)
SAA.2 It is known that Pd atoms alloy into the surface at the
edge dislocations of the herringbone reconstruction of Au(111),
which leads to a higher local concentration of isolated Pd atoms
near these herringbone elbow sites as seen in Figure 1b.
Exposure of this surface to deuterated methyl iodide results in
deuterated ethane desorption at 250 K, i.e. 50 K lower than
Au(111). At these temperatures, the desorption of ethane is
limited by its formation on the surface and the desorption
temperature is thus indicative of the activation barrier for
ethane formation. Moreover, the fact that we observe more
product formation at a lower temperature than Au(111)

indicates that PdAu(111) SAAs facilitate both low-temperature
C-I cleavage and C-C coupling, as represented schematically in
Figure 1c. At higher Pd coverages, Pd-rich islands are formed, as
seen in Figure 1d. Complementary TPD experiments on these
higher Pd coverage surfaces (Figure 1a) reveal no ethane
formation. This can be attributed to the stronger binding of
methyl groups on such extended Pd ensembles, which leads to
extensive dehydrogenation of the methyl groups and coking
instead of coupling, as discussed later.15

Figure 2 displays more detailed TPD traces highlighting how
reaction selectivity changes on these different surfaces. On
Au(111) dosed at 250 K, we see only a small amount of ethane
formation, as previously discussed. On the PdAu(111) SAA, in
addition to coupling of CD3; to form CD3CDs3, we also see the
production of methane at 200 K with a ~3:1 ethane to methane
ratio.
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Figure 2: TPD experiments showing selectivity on (a) Au(111), (b) 3% PdAu(111), and (c) 90% PdAu(111) alloys. Each surface was exposed to 1L of CD;l at 80K.

2| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx



Page 3 of 4

ChemComm

Table 1: DFT energetics of C-H and C-I cleavages compared to methyl iodine desorption from different Au and PdAu SAA model surfaces. Reaction and activation energies are

given in bold and italics respectively (units are eV). ¥ The structures of the transition states are given in Table S1, ESIt.

Elementary step Au(111) Au(211) PdAu(111) SAA PdAu(211) SAA
Mel — Melg) 0.74 0.72 1.08 1.04
Mel — Me+l 099 -0.35 0.35 -0.33 0.97 -0.14 0.44 -0.32
CH3z — CHx+H 1.79 1.50 1.36 1.07 1.27 1.14 0.94 0.71

Detection of CHDs; instead of CD, demonstrates that the
hydrogenation reaction arises from adsorption of background
H, and not the activation of a C-D bond in the adsorbed CD3
groups. As we are able to quantify product desorption to ~0.3%
ML we are confident that negligible C-D activation leading to
methane occurred. This is consistent with previous work which
showed that PdAu(111) SAAs are indeed capable of H;
activation.16-18 At higher coverages of Pd, when ensembles
containing Pd-Pd bonds are present,’® we also observe
hydrogenation of the CD3 groups via background H,; however,
in contrast to the SAA system, on extended Pd ensembles we
observe decomposition of the CD3; groups via C-D activation
leading to CD4 and D; formation. Unlike Au and PdAu SAAs, no
ethane was observed from the high coverage PdAu(111)
surfaces, indicating that the C-C coupling channel is unique to
Pd in the SAA regime. Because the large Pd clusters bind
adsorbates significantly more strongly than a single, isolated Pd
atom, the energy required for C-H activation is lower, resulting
in the disproportionation of methyl to methane and coke.> This
is in agreement with early studies on the stability of methyl
groups on pure Pd surfaces.20-22

Since the selective coupling to ethane is conditional upon
the surface dissociation of methyl iodine into iodine and C-H
cleavage resistant methyl, we have performed DFT calculations
to investigate the reactivity of four model surfaces — namely
Au(111), Au(211), PdAu(111) and PdAu(211) — towards C-I
cleavage from Mel and C-H cleavage from methyl (see Table 1).
On Au(111) the activation energy for the C-I cleavage is ~1 eV,
i.e. 0.25 eV higher than the desorption energy of methyl iodine,
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which would therefore rather desorb than react. This is
consistent with our TPD results. Step edges however (modelled
by Au(211)) can catalyse the C-I cleavage by lowering the barrier
down to 0.35 eV. Similar behaviour is found on PdAu(111) and
PdAu(211). But if defects enable the generation of methyl
groups, are the latter sufficiently stable to couple towards
ethane without reacting further? Our DFT calculations estimate
the activation energy of C-H cleavage at 21 eV. A similar
activation energy was reported on PtCu(111) with C-H
activation occurring in methyl groups around 350 K.23
Therefore, if the coupling occurs at a temperature <350 K, the
methyl groups should remain intact.

To get more insight into the C-C coupling step, we
performed TPD simulations using a DFT/kMC combined
approach (see Figure 3).24726 On pure Au(111) the activation
energy for the coupling is large, ~1.5 eV (Figure 3a). Step-edges
again help with the coupling barrier, which is lowered to ~1 eV
(see Figure S1, ESIt) but is still higher than the C-H activation
barrier. When alloying the surface with Pd at the single atom
limit, methyl groups preferentially coordinate with the Pd
dopant atom (stabilisation by 0.16 eV/methyl). This leads us to
consider two situations characterised by the methyl to Pd ratio
o. For o<1, all methyls are most preferably found atop the
dopant. For the coupling to happen, one of the two methyls
needs to diffuse to the gold sites (curved arrow in Figure 3a) to
approach and react with another methyl atop Pd. The overall
activation energy reaches 1.28 eV in this situation. For o>1,
methyls are available on gold and can diffuse athermically
towards another methyl atop Pd. The activation energy is
lowered to 1.12 eV (as exempted from the diffusion penalty of
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Figure 3: Reactivity of methyl on PdAu single-atom alloys. (a) Energetics of methyl coupling towards ethane computed at the DFT level. Me and Me* denote methyl adsorbed atop a

Au site and a Pd site respectively. The energies are referenced with respect to Me+Me and a clean PdAu model surface ((111) in red and (211) in blue). Ea is the activation energy on

Au(111) and Ea* and Ea** are the activation energies on PdAu from Me*+Me and Me*+Me* respectively. (b) KMC-simulated TPD spectra (temperature ramp of 10 K/s) parametrised

with the DFT energetics summarised in (a). For each model surface, four sets of simulations are initiated at coverages corresponding to different methyl to Pd ratios (denoted as o).
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0.16 eV). In spite of this improved catalytic behaviour, the
simulations do not show ethane desorbing lower than 460 K
(see Figure 3b), in contrast with experimental TPD spectra (250
K). One reason for this discrepancy is the fact that Au(111)
exhibits the herringbone reconstruction in which the surface
layer is compressed 4.5% with respect to the bulk and the
surface contains some undercoordinated Au atoms at edge
dislocations. To thus model this type of undercoordinated site,
we investigated the reactivity of methyl groups on a single Pd
atom embedded at the step-edge of the Au(211) surface. Here,
the stabilisation of methyl is greater (-0.22 eV/methyl) and the
activation energy is almost three times lower than on Au(111),
ranging from 0.45 eV (o>1) to 0.67 eV (o<l). For o<1, the
simulated TPD spectra show a unique peak at 255 K, in very
good agreement with experimental data. For 6>1, a second
peak appears at 205 K and corresponds to the lower activation
energy. This desorption peak is not seen experimentally,
indicating that each single Pd atom cannot activate more than
one methyl iodine under TPD conditions. This conclusion is
supported by the experimental TPD data which show there is
only 1 methyl group per Pd atom. These DFT/kMC simulations
indicate that the reactive Pd sites are not located on pristine
close-packed (111) terraces, but rather at more open and less
coordinated environments of edge dislocations. This is
consistent with the experimental observation that Pd
concentrates at the elbows of the herringbone reconstruction
(Figure 1b), where undercoordinated edge dislocation sites are
present. It is worth briefly comparing the current study with
previous work on PtCu SAAs.23 When methyl iodide is reacted
with PtCu SAAs, the predominant products are methane and
ethene, but not ethane. This highlights the current PdAu
systems unique ability to perform selective C-C coupling but not
C-H activation that leads to one product vs. those seen on
PtCu.z

In summary, PdAu SAA surfaces offers enhanced catalytic
activity and 100% selectivity for sp3-sp3 C-C coupling, a class of
reactions that remains challenging. Isolated Pd sites provide
lower energy pathways for both C-I cleavage and C-C coupling
than Au itself and are superior in performance to extended Pd
ensembles which decompose methyl groups. Theory and
experiment demonstrate the ability of single Pd atoms to C-C
couple but not activate C-H bonds which is key to their
promising performance.
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