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Activating pretreatments are used to tune surface composition and structure of bimetallic-alloy catalysts.
Herein, the activation-induced changes in material properties of a nanoporous Agp 03Aug 97 alloy and their
subsequent evolution under steady-state CH;OH oxidation conditions are investigated. Activation using
03 results in AgO and Au,0s, strongly enriching the near-surface region in Ag. These oxides reduce in the

0,/CH30H mixture, yielding CO, and producing a highly Ag-enriched surface alloy. At the reaction tem-
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perature (423 K), Ag realloys gradually with Au but remains enriched (stabilized by surface O) in the top
few nanometers, producing methyl formate selectively without significant deactivation. At higher tem-
peratures, bulk diffusion induces sintering and Ag redistribution, leading to a loss of activity. These find-
ings demonstrate that material properties determining catalytic activity are dynamic and that metastable
(kinetically trapped) forms of the material may be responsible for catalysis, providing guiding principles
concerning the activation of heterogeneous catalysts for selective oxidation.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

The quest for catalysis by design necessitates an understanding
of how to generate and retain reactive sites for specific chemical
reactions. This requires understanding of catalyst activation and
how the material evolves under steady-state catalytic conditions.
Ideally, catalysts will be active and highly selective for a specific
reaction over extended periods of time.

Alloy catalysts have the added complexity that the distribution
of atoms on or near the surface is likely to depend on activation as
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well as reaction conditions. Both the surface composition and
structure of alloy catalysts determine the reactivity as well as
selectivity because of intrinsic differences in bonding and bond
activation of different metals. Furthermore, at modest reaction
temperatures, the stable surface structure is not necessarily the
thermodynamic ground state but can be a metastable one that is
kinetically trapped. Hence, there is an opportunity to design selec-
tive catalytic processes that exploit these metastable states and
thus to develop principles that predict how to tune the surface
composition and structure using specific activation procedures
and steady-state conditions—reaction temperature, pressure, and
the ratio of reactants.

Advances in microscopy [1-3] and spectroscopy [4] have
enabled the direct interrogation of atomic-scale surface arrange-
ments under functioning catalytic conditions. Such data provide
critical input for the rational design of improved catalytic materi-
als. The importance of this concept has recently been illustrated
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for several catalytic systems, including Cu-ZnO, [5] Pd-Zn, [6] Pt-Ni
[7] and Pt-Co [8]. A recent study followed the shape of Au nanopar-
ticles in situ at an O, pressure of 1 bar using TEM showing a shape
transition from truncated octahedral to rounded upon cooling
below 393 K, explained by the O(ads)-induced stabilization of
the (11 0) facet [9].

Recently, structural and compositional rearrangements induced
during the initial activation, i.e. oxidation with O3, and the subse-
quent reduction of nanoporous (np) Agp 03Augg7 was demonstrated
[10]. Nanoporous Agp 03AuUg g7 is a support-free Au alloy with small
amounts of Ag, produced by selectively etching Ag from a Ag-rich
AgAu alloy. After O3 treatment, both Au and Ag are oxidized, form-
ing a thin film of Au,03 and AgO (Fig. 1). The surface also becomes
substantially enriched in Ag, by ~30% compared to the bulk. This
oxide layer does not selectively oxidize CH;0H; rather, combustion
occurs initially. Combustion subsides over the course of several
hours and methyl formate is produced selectively [10,11]. In recent
work, the oxide was titrated from the surface by exposure to either
CO or CH30H [10]; however, the catalyst was not characterized in
the critical steady-state condition, leaving the question of what the
active phase of np Aggo3Augg7 is under steady-state reaction con-
ditions unanswered.

Herein, the active phase of np Aggg3Augg; under steady-state
reaction conditions is identified for the first time, and a metastable
state is demonstrated to be responsible for prolonged selective cat-
alytic oxidation of methanol (Fig. 1). Critical to the creation of this
robust catalytic process is an aggressive pretreatment that dramat-
ically alters the distribution of the minority metal, Ag, in the alloy
by creating a surface oxide. During steady-state reaction, the Ag
remains near the surface, forming a nanometer-scale metastable
AgAu alloy that provides reactive sites for O, activation and ensu-
ing selective oxidation. The ratio of Ag and Au on the surface varies
as a function of temperature, time, and the O,/CH3OH ratio, creat-
ing a material in which active sites are present for selective reac-
tion. The reactant composition and the temperature selected for
reaction are critical to the stable function of the catalyst in this
kinetically trapped, metastable state.

The results reported here for the steady-state catalyst demon-
strate the complexity and the tunability of the alloy catalyst struc-
ture, composition and function by selecting appropriate activation
and steady state reaction conditions. These results are a first step
towards developing principles for designing catalytic processes
that account for these factors.

2. Materials and methods

Nanoporous AgAu alloys were created by dealloying AgAu bulk
alloys in nitric acid. All samples had a residual Ag concentration of
~3 at% after nitric acid leaching, as determined by energy-
dispersive X-ray spectroscopy analysis. See supplementary infor-
mation (SI), Section S1 for further details.

2.1. Ambient-pressure X-ray photoelectron spectroscopy (AP XPS)

The AP XPS experiments were conducted at beamline 9.3.2 at
the Advanced Light Source at Lawrence Berkeley National Labora-
tory [12]. An Os-treated np Agpo3Augg7 ingot (in a flow reactor in
2% 03 in O, at 1 atm at 423 K for 1 h) was loaded onto a ceramic
button heater, mounted in the AP XPS chamber. The mounted np
Ago.03AUg 97 sample was re-exposed to O3 in the AP XPS chamber
prior to analysis. An O3 generator (Ozone Engineering LG-7) con-
nected to ultra-high pure O, was used to generate a continuous
03 stream (2% Os in O,), which was dosed into the chamber to
achieve a pressure of 0.3 Torr using a leak valve. The sample tem-
perature was then increased to 423 K, and the sample was treated

under these conditions for ~30 minutes. After O3 treatment, the
sample was cooled to room temperature, followed by evacuation
to high vacuum. Oxygen (0.2 Torr) and methanol (0.1 Torr) were
introduced into the chamber via leak valves. Methanol was intro-
duced from a glass vial after the dissolved air was removed by
freeze-pump-thaw cycles. During AP XPS, the pumping via the dif-
ferentially pumped analyzer was compensated by continuously
leaking in a small flow of O, and CH3OH. The temperature was then
ramped in 25 K increments to 423 K, and Au4f, Ag3d, O1s, and Cls
spectra were collected at each temperature. See SI, Section S2 for
analysis details.

2.2. X-ray absorption fine-structure (XAFS) spectroscopy

The Ag K-edge XAFS experiments were performed at beamline
2-2 at the Stanford Synchrotron Radiation Lightsource, SLAC
National Accelerator Laboratory. Untreated, freshly dealloyed np
Ago.03Aug o7 foil samples were loaded into a quartz tube with an
inner diameter of 0.9 mm and outer diameter of 1.0 mm and
mounted onto a Clausen cell [13]. Samples were activated with
2-3% 03 in O, at 1 atm with a flow rate of 20 mL/minute and at
300-423 K for 2 h. Methanol oxidation was performed in 20% O,
and 5% CH3OH in He at 1 atm with a flow rate of 20 mL/minute.
Data were collected in fluorescence mode. Photon-energy calibra-
tion was performed using reference data obtained for a Ag foil col-
lected in transmission mode along with each scan (placed between
ionization chambers downstream of the sample). Data analysis was
performed using the IFEFFIT software package and the FEFF6 pro-
gram [14]. For the Ag K-edge data, the fitting model includes two
paths: Ag-Ag and Ag-Au. The energy shift, AE,, under each condi-
tion was fixed to be the same for the Ag-Ag and Ag-Au paths.
The amplitude reduction factor (S3) for the Ag-M (M: Ag, Au) paths
was obtained by fitting the data for the Ag foil (S3 = 0.94). For the
Ag edge data, the fitting k range was 2.0-11.0 A=, and the fitting
R range was 1.7-3.3 A.

2.3. Environmental TEM (E TEM)

The E TEM facilities at the Center for Functional Nanomaterials
at Brookhaven National Laboratory were used. An aberration-
corrected microscope (FEI Titan) was operated at 300 kV, with a
base pressure of (3-4) x 1077 Torr and a spatial resolution of
<180 pm. Ozone-treated np Aggo3AuUgg; foils were suspended in
deionized water by sonication and drop cast onto a sample holder
(DENS Solutions). The sample was dried overnight at room temper-
ature before being inserted into the microscope. Gases and vapors
were admitted into the microscope through a gas-handling mani-
fold equipped with dosing valves.

2.4. Density-functional theory (DFT)

Calculations were performed with the planewave VASP code
[15,16], the projector-augmented wave method [17,18], and a
400-eV cutoff for the basis set. A 3 x 3 (11 1) surface cell with 4
layers was used, along with a k-point mesh of 7 x 7 x 1. Surface
energies were calculated by referencing Au to bulk Au and Ag to
a 2.1%-Ag-in-Au bulk alloy, and at each O coverage the surface
energy of Au(111) was set to 0. Since only direct comparisons
between surfaces with the same O coverage were made, a refer-
ence for O was not needed. For each case—Au(11 1), /3 ML Ag,
and AgAu nanoparticles—several O configurations were tested at
each O coverage to find the most stable configuration. For the flat
surfaces, some O configurations at high O coverage resulted in sig-
nificant surface restructuring, creating rough structures somewhat
similar to the nanoparticles. These rough structures were often
more stable than flatter structures but were never as stable as
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Fig. 1. Restructuring and redistribution of Ag at the surface of free-standing np Ago03Aug 97 under steady-state conditions, related to the high selectivity for methyl formate
(MF) production. Exposure of the as-prepared catalyst to O3 forms an oxide layer that is a few nanometers thick, with Ag concentrated in nanometer-scale patches on the
surface. Under steady-state conditions, Ag redistributes into a silver-rich AgAu alloy that is kinetically confined to nanometer-scale regions near the surface. Dioxygen can be
activated on these alloy regions, but requires multiple Ag atoms, based on DFT results. This work demonstrates the strong interplay between activation and kinetic trapping of
a metastable state for steady-state catalytic function. The schematic is based on a combination of results from environmental transmission electron microscopy (E TEM),
ambient-pressure X-ray photoelectron spectroscopy (AP XPS), and operando X-ray absorption fine-structure (XAFS) analysis. Color coding: Au matrix (dark yellow), Ag-rich

regions (black speckles), AgAu oxide (pink), and AgAu alloy (dark purple).

the nanoparticle structures. Therefore, these rough structures were
discarded so that the nanoparticle energies could be compared to
the energies of flatter surfaces. Nanoparticles of varying composi-
tions were evaluated, and the AgAu nanoparticle most stable at
an O coverage > 0.33 ML was compared to the flat surfaces. This
nanoparticle is 66 at.% Ag, while the surface underneath the
nanoparticle is pure Au. See SI, Section S3 for further details.

3. Results
3.1. Ambient-pressure X-ray photoelectron spectroscopy (AP XPS)

Both Ag and Au are oxidized after pretreatment of the np
Ago.03AUg 97 Sample with O3 (2% O3 in O, at 1 atm and 423 K) even
after intermediate exposure to air (Fig. 2.i), in agreement with prior
work [10]. A single Ag3ds), peak, characteristic of AgO [19,20], is
observed at 367.2 eV (Table 1). The binding energy of oxidized
Ag lower than that for metallic Agbecause of final-state effects
[21]. The position is comparable with reported values of 367.1-
367.2 eV after Oz treating np Au [10,22,23] and the Au(111)
single-crystal surface [24] with Ag as minority component. The
Au4f;, spectrum obtained after O; treatment has peaks character-
istic of both metallic (84.0 eV) and oxidized Au (85.6 eV) (Fig. 2B.i).
Previously, oxidized np Au led to a Au4f;, peak at a position of
+(1.3-1.6) eV relative to the metallic Au peak [22,23]. The intensity
ratio of the peak areas, Iay oxide/laumetatiicc 1S 0.7, probed with an
inelastic mean free path (IMFP) of 0.6 nm. With increasing IMFP,
this ratio decreases (Fig. S7). Therefore, the fraction of Au oxide
decreased gradually from the surface to deeper in the material.

Ex situ O3 treatment strongly enriches the surface in Ag, based
on the ratio of 1.5 for the Iagza/lausr ratio (Fig. 3). This ratio corre-
sponds to ~60 at.% Ag in the near-surface region or a concentration
enhancement by a factor of 20 compared to the np Aggo3Augg;
bulk. In situ O3 (1 Torr of O; in O, at 423 K) treatment further

increased the Iagsq/lausr ratio to 2.0. The Ag is highly enriched in
the first few layers, below which is a region strongly depleted from
Ag, based on the strong decrease of the Iagsq/lausr ratio for longer
IMFP of the photoelectrons (Fig. S8).

The in situ re-exposure to O3 removed all adventitious carbon
species (Fig. S9) present on the surface after loading the sample
in the analysis chamber. Exposure to O3 at much lower pressures,
in the 10~7-Torr range, also removed most C species from the sur-
face of np Au [22]. If these C species were preferentially adsorbed
on the Ag, then their removal also contributes to the further
increase of the Iag3q/lauar ratio observed after in situ O3 treatment.
After the O3 treatment, a small amount of C-containing species
reappeared on the surface stemming from adsorption of residual
gas in the vacuum chamber (background pressure typically was
in the order of 10~° Torr).

The observed effect of the O3 treatment is in general agreement
with previous results [10], although the absolute values of the
Ing3a/lauar Tatio are higher, e.g., after in situ O3 treatment, the Iagzqa/
Iauar ratio is 2 (Fig. 3) compared to 0.5 [10]. This may be related to
local variations in the material composition or differences in the
precise activation conditions. Moreover, the extent of Au oxidation
was not as large as observed before, which may be attributed to the
Ag oxide layer passivating the np Aggo3Augg; from further
oxidation.

Both Ag and Au reduce upon exposure to a mixture of O,
(0.2 Torr) and CH3OH (0.1 Torr) at room temperature (Fig. 2.ii), in
agreement with prior work [10,23]. Reduction is indicated by the
shift of the Ag3ds,, peak from 367.0 eV to 367.7 eV and the disap-
pearance of the Au4f;;, oxide peak at 85.6 eV. The reduction com-
menced after the CH;OH was added to the O, atmosphere and
proceeded slowly at 298 K, requiring 10-20 minutes for complete
reduction (Fig. S10). The presence of AgO supported on the Au sur-
face, recently suggested to be the active phase for CO oxidation at
room temperature [29], can be excluded.
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Fig. 2. X-ray photoelectron spectra of np Agpo3Augg; show that the oxidation states and surface concentrations of Ag and Au depend on the temperature and gas
environment. Spectra for the Ag3ds/, (A) and Au4fy; (B) regions obtained under various conditions: (i) under ultra-high vacuum and at 298 K after ex situ treatment with O,
showing the enrichment of the surface in Ag and the presence of AgO and a mixture of Au,05 and Au; (ii) exposed to a mixture of O, and CH30H (0.2 and 0.1 Torr) at 298 K
reducing both Ag and Au; the Ag3ds), and Au4f;), positions indicate alloy formation; (iii) heated to 423 K in O,/CH30H resulting in a decrease of the Ag intensity. Inelastic
mean free path of the photoelectrons was 0.6 nm [25], corresponding to 2-3 atomic layers of Au. Dashed (solid) line indicates position corresponding to bulk metallic Ag (Au)

[26].

Table 1

Ag3ds; and Au4f;, peak positions used to identify the state of Ag and Au in the
nanoporous catalysts in comparison to reference data. Data for np Aggo3Augg7 Were
obtained for photon energies of 575 and 300 eV for Ag3ds;, and Au4f;,, respectively.

Material description Audf;,[eV Ag3dsp/eV
Os-treated np Ago03Aug97 84.0; 85.5-85.6 367.0-367.2
Reduced np Agp03Augg7 83.8-84.1 367.7-367.9

Pure, bulk metals 84.0 [26] 368.2 [26]

Au oxide 85.2 [27]

Bulk AgO 367.3 [19,20]

Bulk Ag,0 367.7 [20]

Dilute Ag-in-Au alloy 83.8 [28] 367.6-367.8 [23,28]
Dilute Au-in-Ag alloy 84.1 [28] 368.2 [28]

The Ag3dsj, peak at 367.7 eV is ascribed to the formation of a
AgAu alloy, based on the shift of —0.5eV relative to bulk Ag
(dashed line, Fig. 2A) and the absence of oxidic O in the O1s spec-
trum (Fig. S11). Similar Ag3d assignments were previously made
for the state of Ag after reduction of Os-activated np AgAu, based
on a binding energy of 367.8 eV [23,24]. For nonporous AgAu
alloys, negative Ag3ds,, core-level shifts of up to —0.6 eV with
respect to that for pure Ag have been reported [28,30]. Although
Ag,0 has a similar Ag3ds, binding energy (367.7 eV) [20], its pres-
ence as a majority species can be excluded, because the oxidic O of
Ag>0 would have led to a peak at 529.2 eV [20]; inconsistent with
the observed O1s spectra (Fig. S11.ii).

After reduction by exposure to the O,/CH30H mixture at 298 K,
the Iag3a/lauar ratio decreased from 2.0 to 1.6. This decrease is ten-
tatively attributed to preferential adsorption of carbonaceous spe-
cies to Ag. (Carbon-containing species accumulated under these
conditions based on the Cls spectra, see Fig. S11.) The amount of
carbon substantially decreased upon heating to 323 K and further
decreased upon heating to 423 K, the steady-state reaction tem-
perature (Figs. S12 and S13). Correspondingly, the Iagsa/lauar ratio
increased from 1.6 at 298 K to 1.8 at 348 K.

Two competing factors affect the temperature dependence of
the Iagsd/lauar ratio: the amount of carbon and oxygen preferen-
tially adsorbed on Ag and the surface concentration of Ag. Heating
from 298 to 348 K led to a small increase in the Iagsq/lauar ratio,
which correlates with a decrease in both C and O on the material
(Figs. S11-S13), and a decrease in attenuation of the Ag3d photo-
electrons. Subsequent heating from 348 K to the steady-state reac-
tion temperature of 423 K led to a decrease in the Iag34/lauar ratio,
reaching a value of 0.7 after several hours, explained by Ag diffu-
sion into the Au-rich bulk. Even at these modest temperatures,
Ag and Au have enough mobility to restructure, as has recently
been shown for the dramatic reconstruction of Au deposited on
the Ag(1 1 0) surface at 400-425 K, much lower than the onset of
bulk diffusion (~600 K) [31]. As Ag migrated into the bulk, the sur-
face composition became predominantly rich in Au, explaining the
Au4f;, shift of —0.3 eV (Fig. 2.iii), typical for the surface core-levels
shifts of Au4f [32-35]. Additionally, the Ag3ds,, peak shifted by
+0.1eV, possibly reflecting a change in the local Ag-Au
coordination.

The Iagsd/lausr ratio continued to decrease under constant reac-
tion conditions, stabilizing after 5-7 h at 0.4 (Fig. 3). This corre-
sponds to 29 at.% Ag, still an almost 10-fold enrichment with
respect to the Agpo3Augg; bulk. Changing the gas composition,
including to pure O, did not affect the Iagza/lausr ratio, showing
the necessity of using O3 to activate the as-prepared np Agg o3AuUg 97
sample. The inability of O, to enrich the surface in Ag is related to
the fact that Ag did not oxidize under these conditions (0.2 Torr O,
and 432 K). This shows that oxidation is crucial to enriching the
surface with Ag.

Under steady-state conditions, the surface of the catalyst is a
Ag-enriched AgAu alloy containing adsorbed O with an O1s bind-
ing energy of 531.1-531.6 eV (Figs. S11 and S12). The Io1s/lauar
ratio under these conditions was 0.5, very close to the Iag3d/lauar
making the Io;s/Iagsa ratio approximately 1. Other than the adven-
titious C present since after the O3 treatment, the surface is under
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Fig. 3. Evolution of the ratio of the Ag3d to Au4f peak areas throughout the AP XPS experiment. Activation in O5 enriches the surface in Ag; but Ag recedes into the surface
forming a AgAu alloy under steady-state conditions for selective CH3OH oxidation. The initial data point (t = 0 h) was obtained under vacuum at 298 K for np Ago 03Aug .97 after
ex situ O5 treatment. Subsequent in situ Oz treatment at 423 K further increased the measured Ipgsa/Iauar ratio. Exposure to 0.2 Torr O, at 298 K sustained the enrichment.
Adding 0.1 Torr CH3O0H at 298 K led to a small decrease in Iagsq/lausr ratio and reduction of the oxides, based on the Ag3ds/, and Au4f;, core-level shifts (Fig. 2.ii). Sequential
heating in the O,/CH3OH mixture leads to a strong decrease in the Irgsq/lauar ratio starting at 348 K, reaching a steady-state value of ~0.4, under which conditions, the Ag is
alloyed into the Au. After reaching steady state, changing the gas composition did not significantly influence the Iagsa/lauar ratio. Color indicates temperature during

experiment. See SI, Section S2 for analysis details.

these conditions not populated with a measurable amount of C
species.

3.2. Operando X-ray absorption fine structure (XAFS) studies

Operando XAFS measurements probing the np Aggg3Aug g7 bulk
show that the Ag enrichment and the Ag oxidation during Os acti-
vation are not limited to the near-surface region. It corroborates
that Ag is segregated during Os; treatment and that Ag alloying
with Au is promoted under reaction conditions at a pressure of
1 atm (Fig. 4). The Ag K-edge (25.5 keV) spectra were acquired at
various stages of the activation process to follow local structural
and chemical changes of the catalyst during O3 treatment and evo-
lution under selective CHs;OH oxidation conditions. A fresh np
Ago.03AUg 97 sample was characterized under the following condi-
tions: in a flow of He prior to any treatment (298 K), in/after flow-
ing O3 (2% O3 in O, at 1 atm) at 423 K, and under reaction
conditions (20% O, and 5% CHsOH in He at 1 atm and 298-423 K).

The oxidation of Ag induced by the Os; treatment is clearly
demonstrated by intensity and position changes in the X-ray
absorption near-edge structure (XANES) (Fig. 4A). The XANES dif-
ference spectra show an increase in the Ag K-edge intensity and
a shift to lower photon energy induced by the O3 treatment. This
is in line with the expected XANES contributions of Ag oxides com-
pared to metallic Ag [36].

The Ag-Ag coordination number derived from the extended X-
ray absorption fine structure (EXAFS) analysis (Fig. 4B) indicates
that the distribution of Ag atoms in the as-prepared material is
non-uniform. Therefore, the material contains regions with higher
Ag content. The Ag-Ag coordination number is initially approxi-
mately 2 and the Nag_ag/Nag-ay ratio at all reaction conditions
remains larger than 522 ~ 0.03, expected in a homogeneous ran-
dom alloy [37,38]. The initial Ag-M coordination number of 11
hints that the Ag has a slight preference to be at the surface.

Segregation of Ag induced by the Os; treatment is evident
through the behavior of the Ag-Au and Ag-Ag coordination num-
bers. Fitting of the EXAFS signal under these conditions shows that
the total Ag-metal (M) first-nearest-neighbor (1NN) coordination
number decreased from approximately 11 (freshly prepared np
Ago.03AUg 97) to 6 as a result of the O5 treatment, indicating the seg-
regation of Ag from the np Aggo3Augg; matrix. That decrease fur-

ther suggests that Ag is brought to the surface, in line with the
AP XPS and XANES measurements as well as with previous results
[10].

Also in line with the AP XPS results, dramatic changes in the Ag
oxidation state and its coordination to Au are observed upon expo-
sure to reaction conditions. The reduction of Ag is clearly observed
in the XANES difference spectra as a decrease in peak intensity rel-
ative to the initial reference condition (He at 298 K). The reduction
in the K-edge intensity below the reference condition indicates
that the sample is not only reduced but also distinct from the
freshly dealloyed state. This further suggests a significant rear-
rangement of Ag within the np Agg ¢3Aug g7 alloy during the activa-
tion process and can be explained by dependence of the electronic
structure of Ag on changes in its distribution.

3.3. Environmental transmission electron microscopy (E TEM)

Electron-microscopy images evidence that the Os-treated np
Ago.03AUg 97 alloy undergoes large-scale restructuring upon expo-
sure to the O,/CH30H reaction mixture (Fig. 5 and Movie S1).
Immediately after Os; treatment, the surface was covered with
silver-rich oxides, consistent with previous work [10,39]. When
0, (0.1 Torr) and CH3OH (0.05 Torr) were introduced into the
microscope, metallic nanoparticles rapidly formed on the surface
under exposure to the electron beam. As the reaction proceeded,
these particles were observed to realloy into the np Aggo3Augg7
ligaments (Fig. 5; Movie S1) over the course of ~6 minutes. The
images shown were recorded at 298 K, in the presence of the elec-
tron beam; thermally induced realloying is much more slower at
298 K, based on the slow change in selectivity from CO, to methyl
formate that was attributed to this realloying, measured at 373-
423 K at a pressure of 1 atm [10]. Regardless of the source of
energy, the realloying process appears to be driven by reaction-
induced diffusion occurring at the surface [40,41]. Importantly,
the formation and alloying of particles did not occur under irradi-
ation by the electron beam in the absence of reactants (Movie S2).

3.4. Density-functional theory (DFT)

The presence of ensembles of Ag in the near-surface region was
previously shown to be critical for the initiation of the catalytic
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Fig. 4. XAFS of np Agp.03AuUg9; during O3 activation and exposure to CH30H oxidation conditions. (A) Ag K-edge XANES difference spectra (as-prepared, nonactivated np
Ago.03AUg g7 in He at 298 K as reference) showing Ag oxide (i-iii) and its reduction by CH30H (iv and v). (B) Average Ag-Au, Ag-Ag, and Ag-M (M represents Au and Ag)
coordination number derived from EXAFS. Activation in 2% O3 in O, at 298-423 K (i and ii) and under/after reaction conditions (20% O, and 5% CH30H in He at 1 atm and
423 K). Inserts (B) show schematic representation of Ag redistribution within the np Aggo3Augg alloy: (1) as-prepared alloy; (2) Os treated with the surface oxidized and
enriched in Ag; and (3) exposed to steady-state CH;OH oxidation conditions with Ag realloying with Au but remaining near the surface. Atoms are indicated by red: O, blue:

Ag, and yellow: Au.

Metallic particle formation
and sintering

49 s

Realloying

Fig. 5. E TEM images show changes in morphology of ligament edge associated with realloying of Ag into the np Agpo3Augg; ligament. Snapshots from Movie S1 (SI,
Section S5) of Oz-treated np Agp3Augg7 to 0.1 Torr O, and 0.05 Torr CH30H at room temperature showing the realloying process that occurred over the course of 6 minutes.
The catalyst was treated ex situ in Os in a flow reactor prior to loading onto the TEM grid. Insets show the metallic/crystalline nature of the nanoparticles formed from the

oxide layer during reaction.

cycle through O, dissociation [42]. Multiple Ag atoms in close prox-
imity are needed to reduce the activation energy for dissociation to
a value near the desorption energy, even on rough surfaces—single
Ag atoms are not sufficient [42-45]. Therefore, it is critical to have a
significant amount of Ag on the surface, perhaps in localized
regions, in order for the material to be catalytically active. To
understand how O affects the surface composition, as well as its
morphological structure, the energetic stabilities of two different
Ag-containing structures relative to Au(11 1) were investigated.

Necessarily, this model does not reflect the actual state of the cata-
lyst because the calculations require a small, repeating lattice with
Ag content that is considerably higher than the bulk average of 3%.
In the catalyst material, the Ag is concentrated laterally by treat-
ment with O3 to create regions enriched in Ag (see above). Hence,
the models are meant to provide insight into the types of local
structures that may be present under reaction conditions.

Three model surfaces were considered: Au(111), Au(111)
with 0.33 monolayer (ML) Ag in the surface layer (0.33 ML AgAu
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(111) alloy), and a model AgAu nanoparticle (approximated by
nanowire-like structures) (Fig. 6A). The Ag content in the two
alloys was substantially higher than the overall bulk Ag concentra-
tion in order to more closely mimic the surface in the experiments.
The model for the nanoparticle was simplified so as to be compu-
tationally tractable, while still accurately predicting qualitative
trends applicable to larger nanoparticles (although these results
may not be quantitatively accurate for determining the precise O
coverage that results in nanoparticle formation). The DFT models
included a structure of a Au surface oxide with an O coverage of
0.31 ML that had previously been identified as among the most
stable Au-O surfaces in the literature [46].

The stability of surface structures with different geometries and
Ag contents is strongly dependent on the oxygen coverage
(Fig. 6B). On each of the three model surfaces, the oxygen coverage
was varied from 0 to 1 ML. At the lowest O coverages, the Au
(11 1)-terminated surface is marginally more energetically stable
than the 0.33 ML Ag surface, as seen in previous work [47]. Exper-
imental estimates of surface energies, derived from extrapolation
of the liquid states, suggest that Ag has a lower surface free energy
than Au [48]. Thus, one may expect Ag to segregate to the surface
in AgAu alloys; however, the surface free energies of the compo-
nents in the pure states are only moderately accurate as predictors
of surface segregation in alloys, and the experimental surface free
energies may have considerable errors. Further, there is evidence
that surface segregation trends in AgAu alloys depend on the bulk
composition [49]. Finally, entropy will favor diffusion of Ag into the
nearly Ag-free bulk. Together, this shows that Ag enrichment is
complicated, explaining why annealing in vacuum has been
reported to both lead to Ag migration into the bulk [50] and Ag
enrichment of the surface [51].

At low O coverages, the AgAu nanowire is most unstable
(Fig. 6B) because of the low coordination of surface atoms. As the
O coverage increases to ~0.2 ML, the stability of 0.33 ML AgAu
(111) alloy approaches that of Au(11 1) and the energy of the
nanowire decreases to be nearly the same as clean Au(111). At
0.31 ML O, the Au surface oxide is the most stable structure.

Of the considered structures, the AgAu nanowire is the most
energetically stable for O coverages above 0.31 ML and is increas-
ingly stable for higher O coverages (Fig. 6B). The AgAu nanowire is
more stable by 0.9 eV per surface atom relative to the Au(111)
surface at an O coverage of 0.9 ML. Notably, the 0.33 ML AgAu
(111) alloy also decreases in energy at high O coverage (>0.8
ML). Even so, the O-covered nanowire is more stable by ~0.3 eV
at the highest O coverages and the surface substantially rearranges
leading to a rougher surface morphology. Similarly, high O(ads)
coverages can drive extensive restructuring of the pure Au sur-
faces, e.g. the flat Au(1 1 1) [52] and the stepped Au(3 2 1) surfaces
[53].

1, ML Ag

- SRR A
S GERN

These results indicate that a substantial O coverage is needed to
bring a significant amount of Ag to the surface. The O3 treatment
provides this high O coverage, which also results in the formation
of Ag-rich nanoparticles on the surface. Because bulk diffusion is
slow in metals at moderate temperatures in the absence of a
vacancy source [47], Ag is unlikely to diffuse far into the bulk under
reaction conditions, once the Ag is in the surface region. Entropy
was not considered in these calculations. Since the bulk Ag concen-
tration is low, entropy would tend to drive Ag to the bulk, further
supporting the conclusion that at low O coverage the surface is
predominantly Au.

4. Discussion

The activation of the np Aggo3Augg; alloy by oxidation in Os
leads to a fundamentally different catalytic material compared to
the as-prepared material (top left panel, Fig. 1). The formation of
AgO drives enrichment in Ag in the surface region (top middle
panel, Fig. 1). Enrichment in Ag of the surface of AgAu alloys has
been observed before by exposure to O3 [22,47], atomic O [50],
or even O, at sufficiently high pressures [51]. To some extent, also
Au oxidizes. Furthermore, O3 treatment removes adventitious car-
bon from the surface.

Although the oxidized np Aggo3Augg7 has very poor selectivity
in CH30H oxidation, mainly resulting in combustion, the oxides
are unstable under reaction conditions. The reduction produces a
surface AgAu alloy highly enriched in Ag. The Ag enrichment
decreases with increasing temperature as the enhanced mobility
allows Ag to realloy with the np Agg03Aug 97 bulk, similar behavior
was observed after exposing Os-treated np Au to CH;OH oxidation
conditions overnight [23].

Diffusion of Ag into the bulk is an important step because pure
Ag is not a very selective catalyst for CH;0H oxidation. The oxida-
tion and realloying processes do not transpire homogeneously on
the surface. After oxidation, oxide particles cover the surface,
which reduce into particles, before realloying more deeply into
the subsurface in locally confined pockets (E TEM, Fig. 5).

Silver is crucial for O, activation [54], but AgAu islands, as
observed in E TEM and AP XPS, are required for O, activation to ini-
tiate the catalytic cycle. Previous DFT studies have indicated that
isolated Ag atoms are insufficient for O, activation but that larger
Ag ensembles or AgAu alloy sites can enhance O adsorption [42-
44.55]. The steady-state O coverage is considerable and can assist
in stabilizing some of the Ag at the surface as has been predicted
for O(ads) on the Ag/Au(3 2 1) surface [50].

The modest steady-state reaction temperature is crucial
because it prevents bulk diffusion, which would make Ag diffuse
into the np Agopo3Auggy bulk on a large scale. Moreover, it would
promote sintering of ligaments, thereby reducing the surface area.

AgAu nanoparticle B

1, ML Ag

AgAuU nanoparticle

0.0 0.2 0.4 0.6 0.8 1.0
O coverage (ML)

Fig. 6. The relative energetic stability of various surface terminations of two different AgAu alloy structures compared to Au(1 1 1) depends strongly on the O coverage based
on DFT models. (A) Schematics of the three lowest energy configurations of the three surfaces considered without O present (top) and with 1 ML of adsorbed O (bottom): Au
(111),Ago33Aupes/Au(1 1 1), and a nanowire-like AgAu alloy resembling nanoparticles. (B) Surface energies, per surface atom, of these models relative to pure, flat Au(1 1 1).
The stability of a Au surface oxide with an O coverage of 0.31 ML is represented by the green dot.
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Even at this modest temperature some sintering was observed
under CH30H oxidation conditions [23]. Sintering can lead to irre-
versible loss of catalytic activity, as is observed for CO oxidation
over np Au [54,56,57], for which the exothermicity of the reaction
has been proposed to contribute to the coarsening [58].

The formation of a Ag-rich AgAu alloy suggests that a precise
nanometer-scale structure and composition is required for selec-
tive oxidation. Recent reported results on AgAu nanoparticles
embedded in porous SiO, support this concept, showing that this
behavior is not unique to the np Agp3Augg7 alloy [59].

5. Conclusions

The combination of advanced characterization techniques and
theoretical calculations demonstrates the importance of the
dynamic rearrangement of bimetallic surfaces during reaction in
the creation of active sites. Furthermore, the local geometrical
and compositional nature of these sites is essential to their cat-
alytic function. The oxidation of the np Aggyg3Augg; alloy by Os
and its reduction under CHsOH oxidation conditions initiate
large-scale structural changes, which control the oxygen species
present on the surface and their concentrations. These oxygen con-
centrations are correlated directly to the catalyst selectivity, allow-
ing a better understanding of the nature of the surface alloy that is
necessary to drive selective alcohol oxidation. Similar dynamics
will be present in many bimetallic systems, and the current study
emphasizes the importance of understanding their nature in order
to fully unlock their catalytic potential.
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