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ABSTRACT: We demonstrate that single-atom alloy cat-
alysts can be made by exposing physical mixtures of
monometallic Cu and Pd supported catalysts to vinyl
acetate synthesis reaction conditions. This reaction in-
duces the formation of mobile clusters of metal diace-
tate species that drive extensive metal nanoparticle
restructuring leading to atomic dispersion of the pre-
cious metal, smaller nanoparticle sizes than the par-
ent catalysts, and high activity and selectivity for both
vinyl acetate synthesis and ethanol dehydrogenation
reactions. This approach is scalable and appears to be
generalizable to other alloy catalysts.

Introduction

Vinyl acetate (VA) is an important chemical pro-
duced by oxidative ethylene acetoxylation
(CH3COOH + CyHy + 0, — CH;CO0C,H; + H,0)
on Pd-based heterogenous catalysts (e.g, K-
Pd2Au/Si02).18 These catalysts are however prone to
metal leaching via the formation of mobile clusters of
diacetate species [e.g., Pd3(0Ac)s].9 Here, we show
that this diacetate-mediated dynamical catalyst re-
structuring can be harnessed to synthesize new alloy
structures with superior properties. Specifically, mon-
ometallic catalysts containing Pd and Cu nanoclusters
with micron-scale separation restructure extensively
and achieve full dispersion of Pd atoms in the Cu sur-
face when exposed to VA synthesis conditions, and
subsequently form single-atom alloys (SAAs) when
reduced back to metallic form via H; treatment.

SAAs containing precious metals dispersed as iso-
lated atoms within the lattice of a less active host0 can
exhibit improved reactivity, selectivity and stability
over their monometallic counterparts for a variety of
important reactions.!®. 12 For VA synthesis, dilution of
Pd by Au!3 and pairs of isolated Pd-atoms!4 15 have
been proposed to enhance activity. Very few studies
involving catalyst compositions other than monome-
tallic Pd and bimetallic PdAu have been reported for
VA synthesis.

In this study, we probe PdCu as an alternative cat-
alyst due to the proposed importance of non-contigu-
ous Pd atoms in the reaction, and the intrinsic ther-
modynamic stability of atomically dispersed Pd in
Cu.16. 17 In doing so, we examine how VA formation
rate and selectivity in physical mixtures of Pd/SiO;
and Cu/SiO; catalysts as a function of time and reac-
tion conditions compare with monometallic Pd/SiO>
and co-impregnated bimetallic PdCu/SiO; catalysts.
The transients in rates and selectivity upon initial ex-
posure to VA synthesis conditions suggest a catalyst
restructuring, which is studied further using micros-
copy, x-ray absorption spectroscopy, diffuse reflec-
tion infrared spectroscopy of bound CO molecules and
ethanol dehydrogenation catalysis. These analyses re-
veal that reduction of the catalysts restructured by VA
synthesis reaction leads to SAA nanoparticles with
atomic dispersion of Pd in Cu and much smaller sizes
than nanoparticles that existed before the exposure to
VA synthesis reaction conditions. Transmission infra-
red spectroscopy demonstrating the formation of mo-
bile diacetate species under VA synthesis reaction
conditions and the effects of parameters such as initial
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distance between Pd and Cu nanoparticles and reac-
tion conditions on the extent of restructuring are stud-
ied to understand how this restructuring process can
be utilized for preparing efficient SAA catalysts.

Results and Discussion

Figure 1 compares the VA formation rate and VA
selectivity on (i) an SiOz-supported Pd catalyst, (ii) a
bimetallic catalyst with 0.03:1 Pd:Cu atomic ratio syn-
thesized by co-impregnation with premixed precur-
sor solution (Pdo.03Cu), and (iii) a physical mixture of
separately prepared monometallic catalyst powders
(0.03Pd+Cu). To prepare the physical mixtures,
1wt.%Pd/SiO2 and 5wt.%Cu/Si0, samples prepared
by incipient wetness impregnation are thoroughly
mixed using a mortar and pestle as described in Sup-
porting Information (SI, Section S1). The SiO2 pow-
ders were comprised of 40-74 pm aggregates and
were not pressed to achieve larger aggregates after
impregnation or mixing unless stated otherwise.
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Figure 1. (a,c) VA formation rate and (b,d) VA selectivity
on SiO2 supported 1wt.%Pd, 4wt.%PdoosCu and
4.2wt.%0.03Pd+Cu (physical mixture) as a function of
time on stream at 5kPa 02 (a, b), and of Oz pressure (c, d).
Conditions: 160°C, 40kPa C:Hs, 10kPa CH3COOH,
40cm3min! flow, <10% conversion of all reactants.
Dashed lines represent trends.

At short times after introducing VA synthesis reac-
tants (40, 10, 5 kPa C2H4, CH3COOH, 02), the rate and se-
lectivity for co-impregnated Pdo.03Cu is similar to Pd
(Figs. 1a-b, 1.2Pd-1s'1 and 65%). In contrast, the rate
and VA selectivity are initially near-zero on the
0.03Pd+Cu physical mixture catalyst but increase dra-
matically to values near Pdgo3Cu within 1h. Beyond
the initial transients, Pdo.03Cu and 0.03Pd+Cu samples
exhibit nearly identical performance. Both bimetallic
samples, however, differ from monometallic Pd at low
Oz pressures. The rates decrease linearly with O pres-
sure on Pd but become less sensitive to pressure on
Pdo03Cu and 0.03Pd+Cu at low pressures (Fig. 1c).
More significantly, VA selectivity on Pd decreases with
pressure below 4 kPa to approach values near 20% in
the 0 kPa limit, but it increases on Pdgo3Cu and
0.03Pd+Cu samples to approach 100% (Fig. 1d), indi-
cating the much superior catalytic properties of the bi-
metallic samples at these conditions.

Catalysts involving multiple active site compo-
nents are often compared to physical mixtures of their
individual components in order to probe the im-
portance of site proximity.1®8 The near identical rate
and selectivity trends for the Pgo3Cu alloy and
0.03Pd+Cu physical mixture samples (Fig. 1c-d)
would initially suggest that atomic Pd-Cu contact is
not required for promotional effects of Cu unless the
catalysts restructured to achieve atomic contact even
in the physical mixture. However, as shown in Figure
1a-b, the initial transients for the physical mixture in-
dicate that the catalyst may indeed have restructured
within 1h of the measurement. We next probe this sur-
prisingly extensive restructuring via microscopic and
spectroscopic methods.

Transmission electron microscopy (TEM) and en-
ergy dispersive spectroscopy (EDS) were used to ex-
amine elemental distributions indicative of particle
migration between Pd/SiO; and Cu/SiO; particles in
physical mixtures, as well as the nanoparticle sizes in
co-impregnated catalysts, physical mixtures, and
monometallic Pd/SiO;. Figure 2a shows a high-angle
annular dark field (HAADF) scanning TEM (STEM) im-
age of a SiO; particle in the 0.03Pd+Cu physical mix-
ture sample after “VA treatment” (exposure to 40, 10,
5 kPa CzH4, CH3COOH, 02 at 160°C for 2h, followed by

treatment in H, at 400°C for 0.5h). The corresponding
EDS maps show that both Cu and Pd are present on the
same SiO particle (Fig.2 b-c), suggesting that metal
atoms moved across the micron-scale distances be-
tween SiO; particles in the mixture of Pd/SiO; and
Cu/SiO;. Figures 2d and 2e show TEM images of the
co-impregnated Pdo03Cu sample before and after the
VA treatment, respectively. The mean particle diame-
ter of this sample decreases from 22+8nm to 14+6nm
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sample upon the VA treatment. The particle size also
decreases significantly with VA treatment for the
0.03Pd+Cu physical mixture sample as confirmed by
x-ray diffraction peak widths and the Scherrer equa-
tion (average Cu size 42nm and 12nm before and after
VA; Fig. S3, Table S3) and by TEM (16+5nm after VA
Fig. S5a). Notably, the high-resolution TEM images
show that nanoparticles exhibit irregular shapes in-
dicative of agglomerates of smaller domains, suggest-
ing that effective particle sizes are smaller than that
detected from TEM (Fig. S5b-c). This particle size de-
crease is not a result of metal loss by VA treatment,
which we confirmed using inductively coupled plasma
based elemental analysis (Table S2). Monometallic
Pd/SiO; samples also exhibit a large increase in the
number of small nanoparticles (<3 nm; Fig. S4). These
changes suggest that exposure to vapor-phase VA syn-
thesis reaction conditions drastically restructures the
nanoparticles via movement of metal atoms across
micrometer scales for physical mixtures and nanome-
ter scales for co-impregnated and monometallic sam-
ples.
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Figure 2. (a) HAADF image and (b) Cu and (c) Pd ele-
mental maps after VA treatment for 4.2wt.%0.03Pd+Cu
(physical mixture) sample, and TEM images and nano-
particle size distributions for 4 wt.% Pdo03Cu co-im-
pregnated sample (d) before and (e) after VA treat-
ment (40, 10, 5 kPa Cz2H4, CH3COOH, Oz, 160°C for 2h, fol-
lowed by treatment in Hz at 400°C for 0.5 h).
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Figure 3. (a) Normalized X-ray absorption spectra and
(b) magnitudes of Fourier transforms at the Pd K edge
for 4.2 wt.% 0.03Pd+Cu (physical mixture) before and af-
ter VA treatment (40, 10, 5 kPa C2Hs4, CH3COOH, Oz,
160°C, 2h). All samples were treated in Hz at 400°C prior
to measurements.

Table 1. Scattering path, coordination number (CN), and
nearest-neighbor  distances  (Rexars, Rprr)  for
4.2wt.%0.03Pd+Cu sample before and after VA treat-
ment. ?

b o
Sample |Scattering Path?| CNb REEE;S Rorre (A)
Fresh Pd-Pd 108 | 2.73 2.79
res Cu-Cu 95 | 256 | 257
Pd-Cu 109 | 258 [2.59-2.61
After VA Cu-Cu 88 | 256 2.57

aTreatment conditions: 40, 10, 5 kPa C2H4, CH3COOH, 02, 160°C,
2h, followed by Hz treatment at 400 °C

b derived from EXAFS fitting at Pd and Cu K edges (Figs. S7-
$10, Tables S4-S5)

¢ derived from DFT calculations (Fig. S22, Table S8)

Next, we used x-ray absorption spectroscopy to
probe average local environment of Pd and Cu atoms
in fresh and VA treated samples. Figure 3 compares
spectra at the Pd-K-edge in the physical mixture in as-
prepared form (fresh), and after VA treatment. The
fresh sample matches a Pd foil and exhibits only Pd-
Pd coordination, but after VA treatment only Pd-Cu
coordination is detected. The corresponding spectra
for the Cu-K-edge are in SI (Fig. S9) and show Cu-Cu
coordination before and after VA treatment. Table 1
shows the atomic coordination numbers and nearest-
neighbor distances determined by fitting extended x-
ray absorption fine structure data (EXAFS) and near-
est-neighbor distances from density functional theory
(DFT) calculations (details in SI, XAS: Figs. $7-S10,
Tables S4-S5; DFT: Fig. S22, Table S8). The coordi-
nation numbers exhibit values ranging from 11 to 8.8,
suggesting nanoparticles below 10 nm,® which is
smaller than average sizes for bimetallic samples de-
termined from TEM and XRD. This difference likely re-
flects the irregular and fragmented shapes of Cu
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particles in high resolution TEM (Fig. S5b-c) and the
inability to sample small particles in XRD. The de-
crease in Cu-Cu coordination (Table 1) is consistent
with a decrease in particle size after VA treatment.
The Pd-Pd, Pd-Cu and Cu-Cu distances from EXAFS fit-
ting are consistent with trends in our DFT values and
with the literature, indicating that Pd-Cu distances in
dilute alloys are much closer to bulk Cu-Cu distances
than an average of bulk Cu-Cu and bulk Pd-Pd dis-
tances.20 EXAFS analysis is also performed for a
Pdo.036Cu co-impregnated sample, which also shows
an increased Pd-Cu coordination and a decreased in
Cu-Cu coordination after VA treatment (Tables S4-
$5), which is consistent with improved atomic disper-
sion of Pd and decrease in bimetallic particle size.
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Scheme 1. Restructuring of physical mixture sample via
VA treatment.
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Figure 4. CO-DRIFTS spectra in 1%CO at 150°C before
and after VA treatment for (a) 1wt.%Pd/SiO2, and (b)
4.2wt.%0.03Pd+Cu (physical mixture) before and after
VA treatment (40, 10, 5 kPa C2H4, CH3COOH, 02, 160°C,
2h). Samples were treated in Hz at 400°C prior to meas-
urements. Inset in (b) expands the DRIFTS spectra in the
region of CO at Pd-Pd bridges.

Microscopy and EXAFS results show the formation
of smaller nanoparticles and alloying of Pd with Cu via
increase in average coordination numbers that sam-
ple both surface and bulk atoms (Scheme 1). We next
turn to diffuse reflectance infrared Fourier transform
spectra (DRIFTS) of adsorbed CO molecules as a probe
of Pd-Pd coordination specifically in exposed surfaces
of nanoparticles. Figure 4 shows CO-DRIFTS spectra
before and after VA treatment for monometallic
Pd/Si0; and 0.03Pd+Cu physical mixture catalysts. The
fresh monometallic sample exhibits a peak at 1983 cm!
corresponding to CO molecules adsorbed at Pd-Pd

bridging positions,?L 22 and a weak shoulder near the
gaseous CO features at 2080 cm?! that reflects CO ad-
sorbed atop Pd atoms (Fig. 4a). After VA treatment,
these features become more intense, which is con-
sistent with the increased number for smaller Pd na-
noparticles in TEM images that expose more surface
Pd sites (Fig. S4). The physical mixture sample exhib-
its peaks at 2130 cm' and 1981 cm-1 that corresponds
to CO molecules atop Cu atoms and at Pd-Pd bridges,
respectively (Fig. 4b). In contrast to the monometallic
sample, the 1981 cm! peak in the physical mixture
disappears after VA treatment, which shows the elim-
ination of Pd-Pd coordination due to the formation of
Pd-Cu SAA. The 2130 cm! peak becomes more intense
and shifts to 2111 cm'?! after VA treatment. The higher
intensity suggests the formation of smaller particles
that expose more Cu atoms, while the shift to lower
wavenumbers is typically attributed to changes in
partial Cu charge (Cu®* to Cu®)23 or low-coordinated
Cu sites.24

SAAs are sensitive to dilute atom segregation and
aggregation in response to CO exposure and treat-
ment temperature.25 26 Therefore, DRIFTS measure-
ments were also performed at room temperature to
eliminate any CO mediated restructuring at 150°C, as
shown in SI (Figs. S12-S15). These spectra also show
the disappearance of signals corresponding to Pd-Pd
bridge-bound CO after VA treatment, consistent with
the SAA formation.

We further probed the catalytic properties of the
SAAs formed by VA treatment using non-oxidative en-
dothermic ethanol dehydrogenation as a highly site-
sensitive probe reaction. Specifically, extensive stud-
ies on Au and Cu based SAA catalysts have shown that
even small ensembles of the active metal atoms can
promote undesired decomposition reactions over se-
lective ethanol dehydrogenation.25 27-31 Therefore,
small Pd clusters below the detection limit of our
EXAFS or CO-DRIFTS experiments can be still be
probed by monitoring the selectivity of the ethanol de-
hydrogenation reaction.32

We found that monometallic Pd samples exhibited
a low dehydrogenation rate and selectivity, which re-
mained low after VA treatment (Fig. 5a, 0.12 vs. 0.23
Pd-1s-1rate, 11% vs. 23% selectivity before vs. after VA
treatment). The physical mixture 0.03Pd+Cu catalyst
exhibits moderate rates and selectivity in its fresh
form (7 Pd-1s-1, 55%), but after VA treatment the rate
increases fourfold (30 Pd-lsl) and selectivity in-
creases to 99.3%. With these large rate and selectivity
enhancements the ethanol conversion increases sig-
nificantly to nearly 80% of the equilibrium limit for
the endothermic dehydrogenation reaction at 200°C
(definition in SI, Eq. S1). The 80% approach to
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equilibrium (n) suggests that the forward rate of for-
mation of acetaldehyde is about 5 times the 30 Pd-1s!
value shown in Figure 5a [and 20 times rate on fresh
0.03Pd+Cu; (forward rate) = (net rate)x(1 —n) Eq.
$2]. This high rate and near 100% selectivity to acet-
aldehyde at near-equilibrium conversions reflect
smaller nanoparticle sizes and a complete atomic dis-
persion of Pd in Cu which leads to efficient utilization
of the precious metal. The fresh Pdoo3Cu sample ex-
hibits a higher rate and selectivity than fresh physical
mixture (Fig. 5a, 22 Pd-1s-1,96.6%) because the co-im-
pregnation disperses Pd in Cu to a significant extent.
Even for this alloyed sample, however, the rate and se-
lectivity improve further after VA treatment (Fig. 5a,
32 Pd1s1, 98.3% selectivity at 83% of equilibrium
conversion), consistent with the improved atomic dis-
persion and smaller Cu nanoparticle size it induces.
The high selectivity at high conversion reflects the
ability of the SAAs to activate C-H bonds in CzHsOH ef-
ficiently, and the oxophilic Cu atoms promoting ad-
sorption configurations of the product CH3CHO that
inhibits unselective C-C scission (Fig. 5b).33 Monome-
tallic Cu samples also exhibit essentially 100% selec-
tivity but with rates much lower and conversions far
from equilibrium at comparable conditions (Table S6,
Fig. S16b), highlighting the importance of the Pd do-
pant atoms and their high dispersion as induced by
the VA treatment.
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Figure 5. (a) CH3CHO formation rate, selectivity, and ap-
proach to equilibrium for C2HsOH dehydrogenation on
1wt.%Pd, physical mixture 4.2wt.%(0.03Pd+Cu), and co-
impregnated 4wt.%Pdo.03Cu at 200°C, 2kPa C:HsOH and
40 cm3 min! flow before and after exposure to VA syn-
thesis conditions (160°C, 40kPa C2H4, 10kPa CH3COOH,
5kPa 02). All samples were treated in Hz at 400°C before
measurements. (b) CH3CHO adsorption configurations
and secondary products on contiguous Pd-Pd sites vs.
isolated Pd atoms.

Physical mixtures with higher Pd:Cu atomic ratios
(0.2Pd+Cu) also restructure extensively via VA

treatment, leading to smaller alloyed particles (Table
$3), no detectable bridge-bonded CO characteristic of
Pd-Pd ensembles (Figs. S11, S14), and much higher
ethanol dehydrogenation rate and selectivity than the
fresh sample (Fig. $16). However, the selectivity was
93% (vs. 99.3% for 0.03Pd) even at only 30% of the
equilibrium conversion, suggesting that some aggre-
gated Pd ensembles below the detection limit of the
CO-DRIFTS measurements must be present in the
higher Pd loading 0.2Pd+Cu sample. These findings
demonstrate that the ethanol dehydrogenation reac-
tion itself is more sensitive than CO-DRIFTS or EXAFS
in detecting the trace amounts of Pd ensembles that
perform unselective chemistry.
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Figure 6. (a) In situ transmission IR spectra of acetate
species on 1wt.%Pd, 5wt.%Cu and 4.2wt.%(0.03Pd+Cu)
at 160°C, 10kPa CzH4, 5kPa CH3COOH, 5kPa Oz, and (b)
Reaction energies for Pd and Cu diacetate species to form
mixed diacetate species.

Next, we probe the identity of intermediate spe-
cies involved in the restructuring of physical mixtures
using in situ transmission infrared (IR) spectroscopy
and DFT calculations. Acetic acid and different types
of acetate species exhibit C-O stretching absorption
bands in the 1200-1800 cm-! range. Figure 6a shows
spectra for Pd, Cu and 0.03Pd+Cu samples under VA
synthesis conditions. The peak assignments for these
spectra are derived from comparing measured spec-
tra on SiO; powder without metals and on Pd/SiO»
sample under different conditions with spectra gener-
ated from DFT-derived frequencies and dipole mo-
ments shown in SI (Fig. S20). All three samples show
features for gaseous and H-bonded CH3COOH with the
latter being much more abundant (1700-1800 cm1).
Monometallic Pd and Cu exhibit peaks for acetates ad-
sorbed on the metal surface (1387 cm-1).3¢ Small
quantities of diacetate species form on the Pd sample
at 1610 and 1580 cm™! when exposed to a CH3COOH-
02 mixture, but C;Hs in VA synthesis conditions essen-
tially eliminates those peaks (SI, Fig. $20). In contrast,
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monometallic Cu exhibits strong diacetate peaks. The
0.03Pd+Cu physical mixture differs from both Pd and
Cu by showing essentially no metal adsorbed acetates
and broader spectral features than Cu in the diacetate
region (Fig. 6a). The reaction energies shown in Fig-
ure 6b thermodynamically favor the formation of
mixed PdCu diacetates (in trimer and dimer forms)
from Pd and Cu diacetates, and DFT derived spectra
for such mixed diacetates are broader than that for Cu
only (Fig. S21b). Taken together, these results indi-
cate that Cu diacetate formation is thermodynamically
more favorable than Pd diacetate, which leads to a
greater equilibrium concentration of the former spe-
cies under identical conditions for the corresponding
monometallic samples. The thermodynamic driving
force for diacetate formation is further enhanced by
the greater stability of mixed PdCu diacetates, which
eliminates essentially all metal-bound acetate species
and makes mixed-metal diacetate clusters the most
abundant species under reaction conditions. Mixed-
metal diacetate clusters exhibit more diverse struc-
tures, leading to broader spectral features and no me-
tallic nanoparticles with adsorbed acetate when both
Pd and Cu are present.

The molecular nature of diacetates enables their
motion across the network of highly abundant phy-
sisorbed H-bonded acetic acid (1757 cm, Fig. 6a) be-
tween SiO; particles.35 3¢ Pd and Cu diacetates are
known to decompose before melting or vaporizing,3”.
38 which suggests that a reactive environment is
needed to repeatedly reform these species during re-
structuring. Under these conditions, the mobility
would require solvation of diacetate clusters by acetic
acid layers and some connectivity in these layers
across SiO; particles would be expected.

To probe the length scales over which effective re-
structuring can be achieved, we compared post-VA-
treatment C2HsOH dehydrogenation reaction rate and
selectivity in the co-impregnated sample and the
standard physical mixture (40-74 um) to physical mix-
tures of larger aggregates of Pd/SiO2 and Cu/SiO:
(180-300 pum). These comparisons are shown in SI
(Fig.S23) and indicate that the larger particles still ex-
hibit significant enhancement over fresh physical mix-
tures, but the enhanced rates are lower than that for
smaller particles, and selectivity is also slightly lower
despite being further away from equilibrium. Thus, it
appears that these larger SiO> particles lead to less ef-
fective restructuring due to limitations in the
transport of diacetate species across the larger dis-
tances.

Changes in the effectiveness of restructuring with
deviations from the standard VA treatment conditions
(40, 10, 5 kPa C2H4, CH3COOH, 02) were also examined

by measuring post-treatment ethanol dehydrogena-
tion reaction rate and selectivity as shown in SI (Fig.
$18). Lower O pressures (1 or 0 kPa 02) lead to sig-
nificantly lower C2HsOH dehydrogenation rates and
slightly lower selectivity that suggest less complete re-
structuring. In contrast, eliminating C;H4 gives high
rates even at low O; pressure (Fig. $18). C;H4 acts as
a reductant, which decreases the concentration of ox-
idized diacetate species, as can be seen from in situ IR
spectra in SI (Fig. S20b) and is consistent with effect
of C2H4 pressure on acetate coverage in kinetic stud-
ies39 Thus, reaction conditions without C;H4 that en-
hance diacetate formation also enhance restructuring.
These tests indicate that not all three reactants in-
volved in VA synthesis are required for restructuring
but they each provide independent parameters with
which to control restructuring. While CH3COOH -0
treatment is sufficient for the synthesis of Pd-Cu SAA
catalysts, we hypothesize that C;Hs maybe be har-
nessed to moderate leaching by decomposing diace-
tates in systems in which these species are more mo-
bile or volatile.

When both Pd and Cu are present the IR spectra show
mainly diacetate bands with very little intensity at the
wavenumbers corresponding to acetates bound to metal
nanoparticles (Fig. 6a). This enhanced diacetate for-
mation, together more complete restructuring under
conditions of higher diacetate formation (Fig. $18) and
the DFT-derived higher stability of mixed diacetate clus-
ters (Fig. 6b), suggests that the restructuring is particu-
larly effective for systems with stable mixed diacetates.
However, the ultimate thermodynamic stability of the al-
loys formed via Hz treatment of diacetates also matters.
Pd and Cu are well known to form stable alloys, which is
also confirmed by our DFT calculations (SI, Table $8). At
sufficiently low loadings, the method presented here
may also allow bimetallic nanoparticles of metals with
less favorable mixing enthalpies but stable mixed diace-
tates by trapping them in metastable states during the
reductive treatment. More work is needed to identify
systems with suitable metallic and diacetate mixing en-
ergetics, as well as to optimize treatment conditions and
metal loadings to achieve uniform nanoparticle sizes.
Some of the readily apparent advantages of the diacetate
mediated method for SAA formation include, (i) avoid-
ance of the need to reduce oxophilic hosts such as Cu to
metallic form before addition of dopants, which is
needed for alternative methods such as galvanic replace-
ment but is challenging to achieve under aqueous condi-
tions of such synthesis (ii) ability to redistribute dopants
in previously synthesized catalysts with poor distribu-
tion or degradation or segregation under harsh condi-
tions, (iii) the potential to break-up monometallic parti-
cles that have a high cohesive energy but are ultimately
stable in bimetallic form after the redistribution.



Conclusions

We demonstrate that vapor phase VA synthesis condi-
tions involving acetic acid, oxygen, and ethylene exten-
sively restructure pure Pd and Cu nanoparticles and
form small SAA nanoparticles with full atomic disper-
sion of Pd in Cu, negating the need for complex solu-
tion-based synthesis. This new method for SAA for-
mation greatly enhances the rate and selectivity of
PdCu for both the VA synthesis and ethanol dehydro-
genation reaction. The restructuring itself is mediated
by mobile clusters of diacetate species with cationic
metal atoms, suggesting that the stability and mixing
energies of these diacetate species can be used to gen-
eralize the applicability of these methods in SAA cata-
lyst design. Such reaction induced metal restructuring
should have broad applications e.g. recovering site iso-
lated catalysts from non-uniform alloys formed by
other methods or harsh reaction conditions or offer-
ing a scalable alternative to more complex batch syn-
thesis of SAA catalysts.
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