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a b s t r a c t

The partial oxidation of ethylene to ethylene oxide (EO) proceeds over supported Ag particles. Adsorption
of molecular oxygen upon Ag forms the reactive oxygen species responsible for both epoxidation and
combustion reactions, however, the catalyst surface structure and the molecular structure and identity
of the reactive oxygen species present remain debated despite past use of appropriate forms of in situ
spectroscopy. Specifically, there is no consensus for the molecular origin of widely reported Raman fea-
tures that appear on contact with only O2 or in reactant mixtures of C2H4 and O2 at pressures and tem-
peratures relevant for the industrial process, in part, due to the lack of concerted ab initio studies that
compute vibrational frequencies for oxygen-containing Ag surfaces. Here, we elucidate the molecular
structure of the catalyst surface and reactive oxygen species by coordinating spectral deconvolution of
transient and steady-state surface-enhanced Raman spectroscopy of Ag catalysts exposed to oxygen (2
– 101 kPa O2, 523 – 673 K) and mixtures of oxygen and ethylene (2 – 101 kPa O2, 0.5 – 9.8 kPa C2H4,
523 K) with ab initio thermodynamic modeling and vibrational frequency calculations. These compar-
isons suggest that during EO catalysis reconstructed surface oxides form and partially or completely
encase metallic Ag particles. Raman features near 600 cm�1 that persist in O2 or cofed C2H4 represent
O–Ag–O structural motifs that form only on surface oxides and high oxygen-coverage reconstructed
AgxOy surfaces. We assign features centered near 810 – 840 cm�1 and at higher frequencies, which are
ubiquitous throughout the literature, to dioxygen complexes partially embedded within an oxide-like
overlayer that forms during exposure either to O2 or during steady-state epoxidations. Taken together
our results implicate the presence of a combination of monatomic and diatomic surface oxygen species,
which emerge with appreciable quantities of subsurface oxygen at temperatures and O2 pressures repre-
sentative of EO catalysis.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Evolution of catalyst surface structure under reaction condi-
tions, and recognition that the working state of the catalytic sur-
face differs from that of a clean surface [1] were emphasized
within the contributions of Michel Boudart [2,3]. Adsorbed mole-
cules can saturate the catalyst surface, induce surface reconstruc-
tions [4-6], or form reactive overlayers [7-9]. These phenomena
may manifest catalytically as reactions that are structure insensi-
tive, an attribute Boudart recognized in 1966 [10] and subse-
quently reported several examples of that arise from disparate
physical origins [11-14]. Boudart and Sajkowski later reviewed
one such example of a structure insensitive reaction; the epoxida-
tion of ethylene over Ag catalysts [13]. Areal rates of ethylene
epoxidation under typical reaction conditions appear similar on
different single crystal [15-17] and polycrystalline surfaces [18-
20]. Analogously, in situ Raman spectroscopic measurements that
interrogate the surface structure and reactive intermediates of dif-
ferent Ag ethylene epoxidation catalysts possess ubiquitous fea-
tures [19], but the origin of these spectral features remains
debated. In this contribution we employ spectral deconvolution
of steady-state and transient Raman spectroscopy integrated with
quantum chemical calculations to provide insights into the struc-
ture of the Ag catalyst surface and reactive forms of oxygen under
ethylene epoxidation reaction conditions.
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Industrially, ethylene oxide (EO) is produced by reactions of
oxygen and ethylene upon Ag catalysts, promoted with multiple
chemical species (Cl, alkaline and other metals [21-28]) and sup-
ported on a–Al2O3 at temperatures between 473 and 573 K [29]
and with reactant feeds consisting of either a stoichiometric excess
of C2H4 to O2 [21] or excess of O2 to C2H4 [19,30]. The mechanism
involves competing pathways that include a selective pathway that
forms EO and a non–selective pathway that creates acetaldehyde,
which combusts subsequently to yield H2O and CO2. Despite this
chemistry being extensively studied [19], the detailed mechanism
and molecular structure of the reactive oxygen species that form
under epoxidation conditions remain debated.

Different hypotheses aim to describe the nature of oxygen spe-
cies on Ag and explain the drastic effects of oxygen coverage on EO
formation rates and selectivities. On metallic unreconstructed Ag
surfaces at low coverages of oxygen, studies agree that EO and
combustion products form by a series of elementary steps that dis-
sociatively adsorb O2, molecularly adsorb C2H4, and transfer
atomic O* to C2H4* to form oxametallacycles (OMC) that react
further to evolve the epoxide or acetaldehyde [31-44]. In contrast,
a smaller body of computational work by van Santen and collea-
gues used Ag2O (001) surfaces [32,33,35-37,45] or metallic slabs
with subsurface oxygen [46] as a model representation for the
active state of the Ag catalyst, which had been proposed to resem-
ble a Ag-oxide layer. Density functional theory (DFT) calculations
on Ag2O (001) suggested that EO forms by direct reaction between
C2H4 (g) and lattice O-atoms, and acetaldehyde forms (and subse-
quently combusts) when ethylene reacts at oxygen vacancies on
Ag2O (001).

Van Santen et al. approached EO catalysis with a perspective
inspired by earlier work of Cant and Hall [47], Sachtler [48], Kui-
pers [49], van den Hoek [46], Campbell [15,16,50-52], and Lambert
[17,53,54], which proposed that the surface and subsurface of the
active catalyst possessed high contents of O-atoms. Specifically,
EO forms with higher selectivities on Ag surfaces with significant
amounts of surface and subsurface O-atoms [55]. These high oxy-
gen coverages form a reconstructed surface oxide [56-61]. More-
over, Ag and O-atoms move dynamically in these structures
[18,56,62] at temperatures relevant for EO production (�473 –
573 K) [29]. Subsurface oxygen atoms increase the selectivity to
EO along with the oxidation state of catalytically accessible Ag
atoms, which creates increasingly electrophilic O*-atoms on the
surface [16,18,48,50,53,54,63,64]. X-ray photoelectron spectro-
scopy (XPS) shows multiple types of O*-atoms present on Ag sur-
faces [64-66], and ex situ coverages of the more electrophilic
form of O*-atoms (O 1 s at > 530 eV) often show a positive correla-
tion with selectivities to EO [67]. Overall, higher O-atom contents
in the surface and subsurface increase the fraction of oxygen that
is electrophilic, which favors epoxidation of the C=C bond over
abstraction of H-atoms and subsequent combustion [44,68]. Taken
together, these studies suggest that the mechanism and selectivity
for EO formation depend sensitively on the types of oxygen species
that form on the surface and subsurface of Ag under reaction
conditions.

Surface-enhanced Raman scattering (SERS) accesses the vibra-
tional frequencies required to directly probe atomic oxygen and
reconstructed oxide layers on Ag surfaces and has been extensively
used to examine the features that form following O2 activation and
adsorption [55,59,61,69-80]. Similar peaks attributed to oxygen
species are consistently observed near � 250, 350, 600, 800 and
950 cm�1 on both polycrystalline and single crystal Ag surfaces.
Notably, the commonly observed feature near 800 cm�1

diminishes upon exposure to gas mixtures containing ethylene
but persists during steady-state reaction [59], which suggests the
corresponding form of surface oxygen exists in a pool of reactive
446
species that participate in catalysis. While assignments in the lit-
erature for features below 600 cm�1 contain some discrepancies,
these peaks are frequently attributed to v(Ag–O) modes of atomic
oxygen present at low-coverages upon Ag surfaces or beneath the
plane of the outer most monolayer of Ag. In contrast, discussions of
the molecular structures responsible for the high wavenumber
(�600 – 1000 cm�1) bands have not reached consensus with
researchers proposing that such features may reflect forms of
atomic or diatomic oxygen present on surfaces and debating the
roles (direct or indirect) these intermediates hold for ethylene
epoxidation [19].

Despite decades of research, the Ag surface structure under
reaction conditions and molecular origin of these Raman bands
remains debated, in part due to a dearth of computational studies
that connect vibrational frequencies to molecular structures on O-
containing Ag surfaces. Here, we elucidate the molecular structure
of the catalyst surface and reactive O-species by coordinating spec-
tral deconvolution of transient and steady-state SERS measure-
ments of Ag catalysts exposed to oxygen and mixtures of oxygen
and ethylene with ab initio thermodynamic modeling and vibra-
tional frequency calculations. Experimental and computational
results together demonstrate that at oxygen and ethylene compo-
sitions relevant for EO catalysis, surfaces of Ag reconstruct to form
an oxide film that encapsulates a metallic core. These reconstruc-
tions change the thermodynamic stabilities of reactive forms of
oxygen present upon surfaces and favor significant coverages of
diatomic oxygen species. Recognition of this state of the catalyst
surface can reconcile the molecular identity of O-species in fre-
quently observed Raman features and suggests that the observed
structure insensitivity of ethylene epoxidation may be a conse-
quence of surface reconstruction and formation of an oxide-like
overlayer.
2. Materials and methods

2.1. Materials and material preparation

Polycrystalline Ag nanoparticles (US Research Nanomaterials,
99.99%) with diameters in the range of 80 – 100 nm were used
in Raman spectroscopy experiments. The reported synthesis
method of these particles forms a layer of organic ligand upon
the surface of the nanoparticles [81], which is removed by in situ
thermal treatments. Samples of Ag2O (Sigma-Aldrich, ReagentPlus,
99%) were used as standards for comparisons of X–ray diffraction
patterns.

2.2. Catalyst characterization

The crystallinity of bulk Ag nanoparticles as received and fol-
lowing specified oxidative and reductive thermal treatments were
determined using an X-ray diffractometer (XRD, Bruker, D8
Advance). Powder XRD patterns were obtained from 2h values of
5� to 100� using Cu Ka radiation (0.15418 nm) under ambient con-
ditions. Known literature sources were used to identify the diffrac-
tion features of these nanoparticles.

2.3. In situ Raman spectroscopy

Raman spectroscopy was performed on Ag nanoparticles in con-
tact with reactant gases using a Raman spectrometer (Renishaw,
InVia) equipped with a charged-couple detector (CCD) and using
532 nm laser adjusted to deliver low power densities at the sample
(0.025 – 0.25 mW lm�2). The laser power at the sample stage was
measured directly with a power meter. (Gentec-EO, PRONTO-Sl).
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All spectra were obtained with a long 50X objective and using a cell
designed for in situ measurements within reactive environments
(Linkam CCR1000, �5 cm3 volume) equipped with a quartz win-
dow. Reported spectra reflect coadded measurements acquired
over periods of 1 – 5 s in transient measurements or for 30 s for
measurements at steady-state. Spectra were collected with a reso-
lution of � 1.5 cm�1, and the accuracy of the reported features is
judged to be similar based upon calibrations performed using the
520 cm�1 feature of a Si (111) wafer.

The Ag nanoparticles were formed into aggregates (pellets) by
applying high pressures (3.4 – 4.9 MPa) for 5 – 10 min using a pel-
let press (Carver, Model C) to produce structures with a cross-
sectional area of � 4 mm2 and a thickness of � 1 mm. These aggre-
gates were loaded into the crucible of the in situ cell and oxida-
tively pretreated with the intent to remove all carbonaceous
surface residues and to roughen the surface. Standard conditions
for the pretreatment were heating typically to 523 K (101 kPa O2,
523 K, 4 h), although a temperature of 673 K was used where
noted. Spectra obtained from Ag samples treated in this manner
and using a 532 nm laser possess high signal to noise ratios due
to surface-enhanced Raman scattering (SERS) [59,72].

The steady-state experiments were performed using a range of
combinations of the pressures of C2H4 (0.5 – �9.8 kPa C2H4) (Air-
Gas, 10% C2H4, balance He, primary standard custom mix), and
O2 (2 – 80 kPa O2, AirGas, 99.99%) at a total pressure of � 101 kPa
across the range of temperatures from 423 K to 673 K. At each
composition, spectra were acquired continuously for periods up
to 3 h in duration. In situ Raman spectra no longer changed follow-
ing 1.5 h at each combination of reactant pressure and tempera-
ture, which demonstrated that these measurements represent
the steady-state structure of the operating Ag catalyst and the cor-
responding coverages of surface intermediates. Spectra were
obtained from the top surface of a packed catalyst bed, therefore,
the composition of the gas corresponds to the composition of the
feed stream controlled by the mass flow controllers. Consequently,
readsorption of products (e.g., ethylene oxide, water) were
negligible.

Transient Raman experiments were performed as follows.
Raman spectra were taken at a fixed temperature while the com-
positions of the flowing gas were changed periodically from oxida-
tive (101 kPa O2, AirGas, 99.99%) to reductive (101 kPa H2, AirGas,
99.999%) conditions in repeating cycles typically 2 h in length.

Multi-variate curve resolution alternating least squares (MCR-
ALS) analysis (details in Section S.1) methods were used to extract
principal components of spectra that may be representative of sur-
face and subsurface intermediates [82] acquired from spectra
obtained at steady-state within different combinations of reactants
(i.e., differences in O2 and C2H4 pressures) but also for time-
resolved measurements that sought to capture the transient oxida-
tion or reduction of the Ag catalysts following step changes in pres-
sures of O2, H2, and C2H4.
2.4. Density functional theory calculations

We performed DFT calculations with the Vienna Ab initio Simu-
lation Package (VASP version 5.4.4) [83] and the GGA-PBE [84]
exchange–correlation functional. All calculations were non-spin-
polarized and used a plane wave cutoff energy of 400 eV and the
projector augmented wave (PAW) method for core-valence inter-

actions [85,86]. Bulk fcc Ag (Fm3
�
m) and Ag2O (Pn3

�
m) structures

were taken from the Materials Project database [87], and their geo-
metries and cell vectors were subsequently optimized using 10–8

eV and 0.01 eV/Å for energy and force convergence criteria, respec-
tively. The k-points and lattice parameters used for bulk Ag and
Ag2O are reported in Section S.2.
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2.4.1. Surface calculations for AgxOy structures
The asymmetric AgxOy slabs proposed in literature (vide infra)

were generated through the Atomic Simulation Environment
(ASE) [88] and Python Materials Genomics (pymatgen) [89] codes.
Additionally, for each Ag facet we sampled surfaces with O
adsorbed on symmetrically unique sites [90,91] at coverages vary-
ing from 0.06 to 0.83 monolayers (ML). For the AgxOy calculations,
we used the k-point density from the k-points per reciprocal Å for
Ag bulk in the x and y directions (rounded up), and a single k-point
in the z direction. At least 12 Å of vacuum was added for all surface
calculations. Surfaces were optimized to convergence criteria of
10–8 eV and 0.01 eV/ Å. All slabs were asymmetric and had at least
four layers of Ag atoms, with the two bottom layers fixed. We cal-
culated harmonic vibrational frequencies (parallelized using ASE
[88]) for surfaces by numerical differentiation of atomic forces
with 0.015 Å displacements and an energy convergence criterion
of 10–8 eV. For AgxOy frequency calculations, only the top two to
three layers in the structures were displaced, so that the calcula-
tions were more efficient while the local environment of surface
O was kept undisturbed. Here, we define surface O-atoms as those
whose nuclei lie above that for the outermost layer of Ag atoms,
and subsurface O as those atoms with nuclei that reside below
those of the outermost layer of Ag atoms.

2.4.2. Ab initio thermodynamics
To relate calculated AgxOy energies to experimental conditions,

we used ab initio thermodynamics to compute free energies [92]:

c T; pO2

� �
¼ 1

A
EDFT � Eref � NAglAg � NOlOðT;pO2

Þ
� �

ð1Þ

where c is the Gibbs free energy, A and EDFT are the surface area and
total energy of the AgxOy slab, respectively, Eref is the total energy of
the Ag slab, NAg is the difference in the number of Ag in the AgxOy

slab compared to the Ag slab, NO is the number of oxygen atoms
in the AgxOy slab, lO is the chemical potential of oxygen, and lAg

is the chemical potential for Ag, which we define as the energy of
an Ag atom in the Ag bulk structure. We related lO to the pressure
of O2 (g) as follows:

lOðT;pO2
Þ ¼ 1

2
ðEO2 þ lO2

ðTÞ þ kTlnðpO2

p� ÞÞ ð2Þ

DlOðT;pO2
Þ ¼ lOðT;pO2

Þ � 1
2
EO2 ð3Þ

Here, EO2 is the calculated energy of an isolated O2 molecule, lO2
is

calculated using the NIST JANAF Thermochemical tables [93], and p�
is the pressure at standard state (101 kPa).

3. Results and discussion

3.1. Crystallographic structure of Ag nanoparticles before and
following thermal treatments

To determine the bulk structure of Ag nanoparticles under reac-
tion conditions, we collected XRD patterns following exposure to
O2 or mixtures of O2 and C2H4. Fig. 1 shows XRD patterns from
Ag and Ag2O materials following distinct thermal treatments. The
diffractogram for as-received Ag2O possesses XRD peaks corre-
sponding to the (111), (200), (220), and (311) planes of Ag2O,
along with less intense peaks for the (110), (222), (400), (331)
and (420) planes. The as-received Ag nanoparticles show XRD fea-
tures characteristic of bulk Ag with prominent peaks correspond-
ing to the (111), (200), (220) and (311) planes with lower
intensity features corresponding to (222) and (400) planes. The
XRD patterns of Ag nanoparticles following oxidative treatments



Fig. 1. X-Ray diffractograms of as-received bulk Ag2O (black), as received Ag
nanoparticles (red), Ag nanoparticles following oxidative treatment at 523 K
(20 kPa O2, 5 h; blue), pelletized Ag nanoparticles following oxidative treatments at
673 K (101 kPa O2, 673 K, 3 h; green), and pelletized Ag nanoparticles following
in situ Raman experiments.
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at lower (20 kPa O2, 81 kPa N2, 523 K, 5 h) and higher temperatures
(101 kPa O2, 673 K, 3 h) resembles that of the as received Ag nano-
particles [94-96]. Furthermore, these features remain largely
unchanged following reactions with C2H4 and O2 (0.5 – 9.8 kPa
C2H4, 2 – 80 kPa O2, 523 K for 2 h, see Fig. 1) for a duration of at
least 24 h most strongly resemble those of bulk Ag. These thermal
treatments result in a shift of the feature for the (111) plane to
slightly higher angles (38.0� to 38.2�) and a decrease in the full
width half maximum of this feature, which signify the elimination
of lattice defects and an increase in the mean crystallite diameter
as a consequence of thermal annealing. Significantly, diffraction
features representative of Ag2O domains are undetectable within
XRD patterns of initial Ag nanoparticles following oxidative treat-
ments (523 or 673 K) and following catalysis. These comparisons
demonstrate that Ag nanoparticles do not form sufficiently large
or ordered domains of Ag2O. Nanoparticles of Ag dissociatively
adsorb and bind oxygen with coverages that exceed a monolayer
on contact with O2 and during ethylene epoxidation in stoichio-
metric excesses of oxygen [65,97], which suggests the O*-atoms
reside near surfaces in disordered structures or structures of length
scales insufficient to provide coherent diffraction. While such
structures evade detection by XRD, surface enhanced Raman spec-
troscopy reveal their presence and how they depend on the pres-
sure of C2H4 and O2 reactants during catalysis (vide infra).

3.2. In situ Raman spectra during Steady-State ethylene epoxidation

Silver surfaces and nanoparticles form ethylene oxide when
contacted with O2 and C2H4 reactants at temperatures between
473 and 573 K [20,48,51,70,98]. Fig. 2 shows steady-state Raman
spectra acquired at distinct combinations of O2 and C2H4 pressures
at 523 K (Fig. 2a, 2 kPa O2, 0.5 – 9.8 kPa C2H4; Fig. 2b, 2 kPa C2H4, 2
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– 80 kPa O2). These spectra remain representative spectra over per-
iods of multiple hours during which spectral features maintain
constant lineshape and intensity demonstrating that the catalyst
achieved steady-state surface structures and coverages. Fig. 2a
shows a prominent asymmetric feature at 810 cm�1 with a
shoulder near 910 cm�1 along with smaller peaks at � 350 cm�1,
990 cm�1 and 1050 cm�1 at the lowest C2H4 pressure (0.5 kPa
C2H4). The most intense feature shifts to lower wavenumbers
(�812 cm�1, 1 kPa C2H4) and subsequently vanishes as ratios of
[C2H4] to [O2] increase and then exceed unity. The disappearance
of the � 810 cm�1 peak correlates with the attenuation of peaks
at � 350 cm�1, 990 cm�1 and 1050 cm�1 and the appearance of a
broad band centered between 600 and 640 cm�1. The changes
occur also with intensification of a peak at � 220 cm�1, a shoulder
near � 520 cm�1, and the emergence of an asymmetric peak at
980 cm�1 and broad features at 1340 cm�1 and 1590 cm�1. The
intensity of peaks above 1250 cm�1 become more significant with
increases in [C2H4]. Several of the peaks that emerge between 750
and 1300 cm�1 with increasing [C2H4] have been assigned to vibra-
tional modes of EO and are discussed in detail below [41,70,98-
100].

Fig. 2b shows Raman spectra collected at varying [O2] (2 –
80 kPa O2, 2 kPa C2H4) at 523 K, which illustrate the evolution of
spectral features at higher [O2] to [C2H4] ratios. The trends in the
growth and attenuation of Raman active features as functions of
the ratio of [O2] to [C2H4] agree with those in Fig. 2a, which sug-
gests these surfaces are saturated with O2– and C2H4–derived
intermediates and have a negligible number of unoccupied sites.
Features at 220, 350, 810, 910, and 990 cm�1 decrease in intensity
as the ratio of [C2H4] to [O2] increases (both Fig. 2a and Fig. 2b).
These peaks are most intense under the most strongly oxidizing
conditions (i.e., highest [O2] to [C2H4] ratios, Fig. 2b), which coin-
cides with attenuation of the broad band with a peak at 600 –
640 cm�1. The changes suggest that the prior features correspond
to forms of O2–derived surface intermediates.

The response of the Raman features to reactant pressures (Fig.
2) give strong evidence that different forms of oxygen species
coexist with organic species on the Ag catalyst surface at [C2H4]
to [O2] ratios and temperatures (473 K – 573 K) commonly used
for industrial ethylene epoxidation [19,101,102]. Based on prior
investigations utilizing infrared [70,98,99], high-resolution elec-
tron energy loss [41], and Raman [76-78] spectroscopy to charac-
terize the surface species formed upon contact of O2, C2H4, or
C2H4O with Ag nanoparticles or single crystal surfaces, we consider
assignments for the features shown in Fig. 2.

Table 1 summarizes the Raman bands shown in Fig. 2 and peak
assignments reported previously for experiments performed either
with systems containing only O2 and Ag or from spectroscopy per-
formed during ethylene epoxidation, coadsorption of C2H4 and O2,
or low temperature adsorption of C2H4O. Features associated only
with distinct forms of oxygen and Ag nanoparticles or surfaces
include a number of assignments. Bands near 220 cm�1 were pre-
viously assigned to Ag–O stretching modes of either atomic or dia-
tomic oxygen on silver surfaces. Peaks at � 350 cm�1 are
consistently assigned to the m(Ag–O) mode of atomic oxygen spe-
cies. The band near 600 cm�1 has conflicting assignments to either
stretching modes of bulk O, m(Ag–Obulk), subsurface O, m(Ag–Osub-

surface) or diatomic O m(Ag–O2). The asymmetric feature that
extends from 810 to 910 cm�1 encompasses a range of prior obser-
vations with contradictory assignments of surface and subsurface
atomic and diatomic oxygen. At higher frequencies, the 990 cm�1

corresponds to either atomic or diatomic oxygen upon Ag surfaces.
Past work also describes features attributed to organic surface

species formed in the presence of both C2H4 and reactive oxygen
species or by direct adsorption of C2H4O, which include chemi-
sorbed ethylene (C2H4*) and ethylene oxide (C2H4O*) but also car-



Fig. 2. Steady-state Raman spectra of surface and subsurface species formed on Ag nanoparticles following contact with reactant mixtures for ethylene epoxidation at 523 K
with (a) fixed O2 pressure (2 kPa O2) and increasing C2H4 pressures (0.5 – 9.8 kPa C2H4); and (b) fixed C2H4 pressure (2 kPa C2H4) and increasing O2 pressure (2 – 80 kPa O2).
Spectra were acquired after 2 h contact at indicated conditions. Features above 1200 cm�1 are multiplied by a factor of five for greater clarity. Spectra acquired for 30 s at
532 nm with low power densities (0.26 mW mm�2) following an oxidative treatment (101 kPa O2, 673 K, 4 h).
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bonates (CO3*), acetaldehyde (CH3CHO*), and associated inter-
mediates. This area of literature contains numerous studies, there-
fore, discussion here describes only those peaks detected here (Fig.
2). The spectra obtained with [C2H4] to [O2] ratios equal to or
greater than unity possess features derived from organic surface
intermediates that include the pair of features at 1340 and
1590 cm�1 that have been attributed to CO3* intermediates but
are also consistent with C2H4* bound to cationic Ag atoms
[70,73]. Notable vibrational modes for C2H4O* include deforma-
tions (790 – 890 cm�1) and stretching (1250 – 1270 cm�1) of the
oxirane ring, the frequencies of which depend upon symmetry
and the presence of coadsorbed O*-atoms [39,42,70,99]. In addi-
tion, C2H4O* possesses vibrational modes associated with the
methylene groups (–CH2) at � 800 and 1140 cm�1

[19,41,55,99,100,111]. Chemisorbed acetaldehyde (CH3CHO*) also
appears in past work, however, the m(C=O) of this intermediate
generally falls between 1680 and 1740 cm�1 [99], which does
not appear in spectra obtained here (Fig. 2). Consequently, we con-
clude that the organic components present during reactions of
C2H4 and O2 on these Ag nanoparticles most likely include some
combination of C2H4O* and CO3*, which exist along with varying
coverages of reactive oxygen.

Accurate assignment of Raman features and interpretation of
their significance is facilitated by MCR–ALS analysis [112,113],
which deconvolutes the overlapping features (e.g., in the range of
600 – 1000 cm�1) and explicates how the appearance and loss of
these features correlate with each other together with [O2] and
[C2H4]. Fig. 3 shows the five linearly independent components
obtained from analysis of steady-state spectra measured as func-
tions of reactant pressures, which includes those presented in
Fig. 2 but also combinations of [O2] and [C2H4] between 2 and
80 kPa [O2] and 0.5–9.8 kPa [C2H4] at 523 K. Details of the MCR-
ALS analysis are reported in SI Section S1. We provide tentative
assignments informed by these correlations, and further justifica-
tion for those associated with oxygen derived intermediates are
informed by ab initio calculations (vide infra).
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Component one increases with the [O2] to [C2H4] ratio (Fig. 2)
and contains the broad asymmetric peak at � 810 cm�1 with a
shoulder extending to 910 cm�1 as well as peaks at 350, 990, and
1050 cm�1. We assign component one to structures that possess
high coverages of monatomic and (or) diatomic surface oxygen
based on its dependence on [O2] and previous assignments (Table
1). Components two and three both contain a broad feature with a
peak that lies between 600 and 620 cm�1 along with less intense
features for component two at 220, 350, and 980 cm�1 and for
component three a peak at 220 and 980 cm�1. While the assign-
ment of the 980 cm�1 peak remains contentious, we tentatively
assign features between 220 and 640 cm�1 to surface and subsur-
face atomic oxygen [77,78]. While components one, two and three
contain many similar features related to reactive oxygen species,
the dependence of these features on [O2] and [C2H4] differ (hence
their appearance as linearly independent contributions to experi-
mental Raman spectra). As ratios of [O2] to [C2H4] increase, compo-
nents two and three appear initially and component one
dominates at the most oxidizing conditions. These trends demon-
strate that the species responsible for the � 810 cm�1 band popu-
late only after the Ag surface and near surface region form
structures that possess large quantities of atomic oxygen. Thus,
the formation of the � 810 cm�1 species becomes exergonic only
in the presence of high coverages of other oxygen intermediates.

Component four contains unique features at 785, 910, and
980 cm�1 and weaker contributions at 220 and 350 cm�1 that
appear in components 1 – 3, peaks at 1080 and 1190 cm�1, and
broad low intensity features at 1320 and 1590 cm�1, which appear
also in other components. The correlated appearance of the 785,
910 and 1080 cm�1 peaks suggest the presence of C2H4O* [70,99]
or an oxametallacycle that precede the formation of C2H4O* [41].
These epoxide-related features become most significant within
experimental spectra with the highest [C2H4] to [O2] ratios (e.g.,
ratios of 2 or more) and appear always with significant coverages
of structures that contain atomic oxygen (220 and 350 cm�1). Com-
ponent five consists primarily of features at � 670, 880, 1340 and



Table 1
Raman Peak Assignments from Previous Literature.

Raman frequencies in
this work (cm�1)

Reported frequencies in
literature (cm�1)

Previously assigned
vibrational modes

220 240 m(Ag–O2)[103]
270 m(Ag–O)[104]
217 m(Ag–O2)[105]
210 m(Ag–O2)[106]
225 m(Ag–O2)[73]
270 m(Ag–OCO2)[73]

350 325 m(Ag–O)[103]
351 m(Ag–Osurface)[71,106]
335 m(Ag–O)[107]
350 d(Ag–Osurface)[73]

600 – 640 622 m(Ag–O2)[71,106]
640 m(Ag–Osubsurface)

[73,78,108]
630 m(Ag–Osubsurface)[77]
676 m(Ag–O2

2–)[69]
632 m(Ag–Obulk)[76]
640 m(Ag–O2) [103]
697 m(Ag–O2

2–)[107]
645 m(Ag–O2)[104]
650 m(Ag–O)[105]
624 m(Ag–O2

2–)[75]
810 – 820 802 m(Ag–Osubsurface) [76]

800 m(Ag–Osurface)[59,78]
803 m(Ag–Osurface)[77]
810 m(Ag–Osurface)[73]
790 m(Ag–Osurface)[108]
805 m(Ag–O2)[74,104]
780 m(Ag = Osurface)[108]
808 m(Ag–O) [75]
808 m(Ag–O2)[109]

890 – 990 890
983

m(C2H4O*)[70,99]
m(Ag–O2)[71,106]

954 m(Ag–Osurface)[76]
956 m(Ag = Osurface) [59]
995 m(Ag–O2

–)[69]
960 m(Ag–O2

–)[108]
951 m(Ag–O)[105]
950 m(Ag–Osurface)[77]

1050 1072 m(CO3
2–)[70]

1053 m(Ag–O2
–)[107]

1078 m(Ag–O2
2–)[75]

1054 ms(CO3)[73]
1200 1245 m(C2H4O*)[70]
1340 1320 m(Ag–O2)[104]

1332 d(C2H4*)[109]
1333 mas(CO3)[73]
1310 – 1320 m(C2H4*)[110]
1365 m(CO3

2–)[70]
1590 1570 – 1579 m(C2H4*)[110]

1596 m(CO3
2–)[70]

Fig. 3. Principal components derived from Raman spectra (Fig. 2) of intermediates
formed by contact of C2H4 and O2 reactants with Ag nanoparticles at 523 K.
Plausible assignments include (1) surface atomic and diatomic oxygen surface
species, (2) subsurface atomic oxygen, (3) bulk oxygen, (4) C2H4O*, and (5) CO3*.
Spectra were acquired at 532 nm with low power densities (0.26 mW mm�2)
following an oxidative treatment (101 kPa O2, 673 K, 4 h).
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1590 cm�1 and exists at low coverages across the full range of con-
ditions examined, however, component five reaches the greatest
contribution to spectra at high ratios of [O2] to [C2H4]. The combi-
nation of peaks indicates that component five represents a combi-
nation of monodentate and bidentate carbonate species (CO3*) that
form during the complete combustion of C2H4 [70,114]. Taken
together, components four and five suggest that C2H4O*, CO3*
and potentially C2–oxametallacycles comprise the majority of
organic surface intermediates present at these conditions. The rela-
tive coverage of C2H4O* to CO3* decreases systematically with the
ratio of [C2H4] to [O2], which appears consistent with the expecta-
tion that these species compete for binding sites and lie at different
points along the reaction coordinate for ethylene oxidation.
Undoubtedly, other organic species coexist but likely at low cov-
erages that provide smaller contributions to experimental spectra.
Extinction coefficients for these intermediates and their vibrational
450
modes are unknown, therefore, absolute coverages cannot be
compared.

Overall, in situ Raman spectra obtained during reactions of C2H4

and O2 on Ag nanoparticles (Fig. 2 and Fig. 3) show that a broad
distribution of reactive oxygen species coexist upon the surface
with organic species formed by oxidation of C2H4. The numbers
and distributions of the oxygen species depend strongly upon the
reactant pressures, which implies that distributions of oxygen
obtained at much lower pressures and in the absence of C2H4 on
Ag nanoparticles or low-index Ag surfaces and ab initio calculations
of these structures [15,34,39,41,50,115] will differ significantly
from those obtained at the reactant pressures implemented for
ethylene epoxidation on supported Ag catalysts
[19,21,70,98,116,117]. These distinctions likely extend beyond dif-
ferences in reactant coverages and could include catalytically sig-
nificant variations in the bulk phase of the Ag-based catalyst, the
amount of subsurface oxygen, and the appearance of surface recon-
structions (even in the absence of chlorine and other promoters).
The importance of these possibilities appear in discussions in foun-
dational papers for this reaction [15,32,34,35,39,41,50,97,115,118
,119]. While peak assignments for many of the O2-derived features
remain somewhat uncertain, the intermediate responsible for the
� 810 cm�1 band that dominates Raman spectra at high [O2] to
[C2H4] ratios and its significance for ethylene epoxidation remains
debated with claims for both atomic and diatomic oxygen inter-
mediates. We find that this complex only appears in the presence
of high amounts of surface and subsurface atomic oxygen and dis-
appears with increasing [C2H4]. The prominence of this feature and
its plausible involvement in ethylene epoxidation motivate further
experiments and computations to determine the structure of the
corresponding species and the site requirements to stabilize this
intermediate.
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3.3. In situ Raman during oxidative treatments of Ag and Ag2O
nanoparticles

To determine the dependence of the reactive oxygen surface
species on the underlying composition and structure of Ag nano-
particles, we collected Raman spectra in the absence of ethylene
from Ag and Ag2O nanoparticles. Fig. 4 shows spectra acquired
by exposing pelletized Ag or Ag2O nanoparticles to flowing O2

(101 kPa O2) and heating incrementally from 523 to 673 K in
50 K increments before returning to 523 K. The temperature was
held constant for 3 h at each set of conditions, and spectra did
not show measurable changes after 1.5 h at each temperature.
While spectra in Fig. 4 appear to represent steady-state at these
timescales, comparisons among spectra obtained either from Ag
or Ag2O nanooparticles at 523 K at the beginning and end of each
sequence demonstrate these signify kinetically trapped states and
not equilibrated structures. These spectra show Ag and Ag2O nano-
particles share similar peaks, but with different intensities.

In comparison, Fig. 4b shows Raman spectra obtained from the
Ag2O nanoparticles throughout the course of an identical oxidative
treatment, and these spectra remain largely constant. The initial
spectrum obtained possesses an intense scattering feature at
� 990 cm�1 and much weaker peaks at 240, 350, 620, �830, and
1080 cm�1 (101 kPa O2, 523 K). These peaks undergo minimal
changes following higher temperature annealing in O2. During this
process, the most notable difference is an increase in the intensity
of the 830 cm�1 peak relative to other features (e.g., 990 cm�1).
Following treatment at 673 K and cooling to 523 K, the intensity
of the 830 cm�1 peak increases substantially in comparison to
other features, and a new shoulder emerges near 900 cm�1. Dif-
fraction patterns before and after these treatments (Fig. 1) contain
only peaks representative of crystalline Ag2O, which seems consis-
tent with the small differences between Raman spectra before and
after oxidation.

These comparisons provide insight to the significance of the
changes in the Ag nanoparticles during oxidation but also raise
further questions. First, the appearance of Raman features between
200 and 500 cm�1 represent high coverage of atomic oxygen both
at and beneath the surface of Ag nanoparticles (Fig. 4a), however,
these features do not match the intensity or line shape of the com-
parable range of the spectra obtained from Ag2O nanoparticles (Fig.
4b). This, together with XRD patterns that correspond only to
metallic Ag, indicate that the surface and near-surface region (�2
nm) of the Ag nanoparticles contain significant amounts of oxygen
but the bulk of the nanoparticles remain reduced following these
treatments (101 kPa O2, 523 – 673 K, cumulative 15 h). Second,
the spectra of Ag2O appear similar before and after oxidative treat-
ments (Fig. 4b), especially below � 650 cm�1 where prior investi-
gations consistently assign Raman peaks to structures that involve
atomic oxygen including those within the bulk of the nanoparticle
[59,73,76-78,120]. Third, the small changes that do appear only
involve oxygen species with features at frequencies>800 cm�1

[121]. Intuitively, these thermal treatments cannot increase the
oxidation state or bulk oxygen content of Ag2O, therefore, the
appearance of these features reflect the evolution of the surface
structure or composition. Fourth, the Raman spectra and XRD pat-
terns of Ag and Ag2O nanoparticles differ following this extended
series of oxidative treatments, which demonstrates the surface
reactions and subsurface diffusion processes responsible for adding
or removing oxygen from these materials do not reach equilibrium
but are kinetically limited. Temperature programmed experiments
indicate that Ag2O nanoparticles autoreduce near 700 K in inert
environments [105,122,123], which together with computed phase
diagrams (vide infra) suggest that the persistent oxygen-derived
surface layers reflect large kinetic barriers for recombinative
desorption of O2. Despite these observations, the precise peak
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assignments for most features in these spectra remain uncertain,
and the contradictory assignments from literature cannot be
reconciled. Accordingly, the nature of the elementary processes
that form these structures and their functional dependence upon
one another are unknown. These points may be addressed,
however, by using ab initio calculations to determine the
vibrational frequencies of plausible surface structures that
contain Ag and oxygen, and comparison to spectrokinetic
measurements of the oxidation and reduction of these structures
(vide infra).
3.4. Computed free energies and vibrational frequencies of AgxOy

surfaces

To address ambiguities regarding assignments for vibrational
frequencies on oxygen-containing Ag surfaces, we examined pro-
posed molecular models for variable stoichiometry AgxOy surfaces
(Fig. 5). Before computing vibrational frequencies, we first evalu-
ated the relative stability of different AgxOy surfaces to screen for
candidate structures that may form exergonically during exposure
of Ag nanoparticles to either O2 alone (Fig. 4) or in mixtures of C2H4

and excess O2 (Fig. 2). We optimized structures (Section 2.4) of
oxygen-containing reconstructed and unreconstructed Ag (111)
and Ag (100) terraces, and Ag (110) and Ag (311) steps as models
for the 80 – 100 nm Ag nanoparticles used here (Section 2.1 and
Section 3.1). Fig. 5 reports the 49 AgxOy surfaces computed here;
individual references for the source of each structure are tabulated
in Table S2.

To identify low free energy surfaces at the experimental condi-
tions (2 – 101 kPa O2 and temperatures from 523 to 673 K, corre-
sponding to an oxygen chemical potential, DlO, range of �72 to
�50 kJ mol�1) we computed the Gibbs free energy (per area) for
each surface using eq. (1) (Section 2.4.2). Fig. 6 and Fig. 7 show
the lowest free energy structures for each facet as a function of
temperature and [O2]. Surface phase diagrams as a function of
DlO for all computed structures [60,124-128] are reported in Sec-
tion S.4. To estimate where the metal to metal-oxide phase transi-
tion occurs we chose Ag2O as the bulk oxide reference [129]. Bulk
Ag2O formation is not favorable at the experimental conditions
used here [130,131]. Therefore, when the initial state of the cata-
lyst is a Ag nanoparticle we expect AgxOy surfaces to be predomi-
nant in O2 alone (Fig. 4a) or in large stoichiometric excesses of
O2 in mixtures that contain C2H4 (Fig. 2, black and red lines, and
Fig. 3, principle component 1). The similarities between Raman
spectra under these conditions suggests that the presence of
C2H4 does not strongly impact the forms of reactive oxygen present
on surfaces, and we have consequently omitted adsorbed C2H4

from the subsequent calculations.
Fig. 6a reports the relative stability of Ag (111) surfaces; the

Ag1.2Oasym and Ag (111) are the most stable structures in the range
of temperatures (523 – 673 K) and oxygen partial pressures (2 –
101 kPa O2) examined here (Fig. 2 and Fig. 4). There are several
reported phase diagrams for Ag (111) [58,119,127,132,133], how-
ever, these do not contain all of the structures computed here. The
c(4 � 8) surface is the most stable at DlO from �40 to
�30 kJ mol�1, consistent with Martin et al. [58], and the Ag1.2Oasym

is the most stable phase from �60 to �40 kJ mol�1, consistent with
calculations from Michaelides et al. [127]. We also evaluated the
free energies of proposed Ag10O7 and Ag3O4 surfaces from a recent
Grand Canonical Monte Carlo (GCMC) study (Section S.4), however,
these structures are higher in energy than those reported in Fig. 6a.
The p(7 � 7)1layer, Ag1.33O, Ag16O, Ag1.83O, and p(4 � 4) surfaces are
not the lowest free energy surfaces and hence do not appear in Fig.
6a. However, since these structures form exergonically at different
points in the range of experimental conditions of interest (Section



Fig. 4. Steady-state Raman spectra obtained from (a) initially reduced Ag nanoparticles, and (b) Ag2O nanoparticles. Materials were heated from ambient temperature to
incrementally greater temperatures as indicated within flowing oxygen (101 kPa O2). Spectra were acquired continuously for 3 h at 532 nm with low power densities (0.26
mW mm�2), and samples were not oxidatively treated beforehand.

Fig. 5. Summary of AgxOy models from literature (without underline) and generated unreconstructed surfaces (with underline) for the four facets. Oxygen coverages for
terraces, (111) and (100), are defined as the number of surface oxygen atoms divided by the number of Ag atoms in each unreconstructed layer, according to [58]. For steps,
(110) and (311), the coverage is defined as the number of surface oxygen atoms divided by the number of surface Ag atoms as in [119].
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S.4), we considered them in our analysis of vibrational frequencies
(vide infra), in addition to the Ag1.2Oasym, and c(4 � 8) surfaces.

The Ag (110) surface has multiple reconstructions reported
under oxidizing conditions [50,134,135]. Fig. 6b shows that as
DlO increases, the most stable phase transitions from p(3 � 1)m-

r, to p(2 � 1), and finally to c(6 � 2). The evolution of these species
agrees with the ab initio (110)–(T, p) phase diagram from Jones et
al. [119]. These predictions are also consistent with experimental
LEED patterns of p(2 � 1) acquired by Campbell et al. under UHV
conditions [51]. The p(3 � 1)s-t reconstruction possesses a free
energy similar to the p(3 � 1)m-r, p(2 � 1), and c(6 � 2) surfaces,
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therefore we also considered this surface in subsequent
calculations.

Few reports discuss reconstruction of the Ag (100) or Ag (311)
surfaces. With increasing DlO the most stable surfaces for Ag
(100) were 0.11 ML, 0.22 ML, 0.33 ML, and (100)–p(2

p
2 � p

2)–
O (Fig. 7a). The p(2

p
2 � p

2) reconstruction is the most stable sur-
face between DlO ranging from �55 to �40 kJ mol�1 (Section S.4),
consistent with calculations from Costina et al. [136]. However, the
c(4 � 6) and p(2 � 2) surfaces they report are higher in energy than
the unreconstructed 0.22 ML and 0.33 ML structures we generated
on Ag (100). Fig. 7b reports the lowest free energy structures for



Fig. 6. Ab initio phase diagrams for the (a) Ag (111)–O surfaces and (b) Ag (110)–O surfaces. Corresponding minimum free energy structures are shown below each phase
diagram. Black lines denote the unit cells. The O atoms are red and Ag atoms are silver.

Fig. 7. Ab initio phase diagrams for the (a) Ag (100)–O surfaces and (b) Ag (311)–O surfaces. Corresponding minimum free energy structures are shown below each phase
diagram. Black lines denote the unit cells. The O atoms are red and Ag atoms are silver.
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Ag (311), which are the unreconstructed 0.5 ML and 0.17 ML sur-
faces. As far as we are aware, phase diagrams for oxygen adsorp-
tion and reconstruction of Ag (311) are not available for
comparison. Summarizing, out of the 49 initial candidate struc-
tures on the four Ag facets, 22 structures are computed to form
exergonically within the range of experimental conditions used
here (523 – 673 K, and 2 – 101 kPa O2).

We next computed vibrational frequencies for all minimum free
energy structures reported in the phase diagrams (Fig. 6 and Fig. 7),
and higher free energy structures that do not appear on the phase
453
diagrams but form exergonically under the experimental condi-
tions of interest (Section S5). Table 2 summarizes the maximum
frequency computed for each structure on the phase diagrams,
and the complete set of vibrational frequencies for all structures
that form exergonically at 523 – 673 K and 2 – 101 kPa O2 are
shown in Figure S5 and Figure S6 and tabulated in Table S3. The
computed frequencies for all surfaces were below 602 cm�1. Com-
puted frequencies can generally be assigned to three different
vibrational modes: m(Ag–O) modes of atomic oxygen (205 –
399 cm�1), symmetric O–Ag–O stretches (360 – 531 cm�1), and



Table 2
Maximum Calculated Frequencies for All Minimum Free Energy (111), (110), (100),
and (311) Surfaces.

Structure Facet Maximum Calculated Frequency (cm�1)

p(2 � 1) 110 601
p(3 � 1) 110 584
p(2

p
2 � p

2) 100 562
p(6 � 2) 110 555
Ag6O3 311 515
c(4 � 8) 111 512
Ag1.2Oasym 111 500
Ag9O2 100 477
Ag9O3 100 422
Ag6O 311 312
Ag9O1 100 304
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asymmetric O–Ag–O stretches (417 – 601 cm�1). Our results
encompass a similar range of vibrational frequencies to those
reported by Li et al. (200 – 526 cm�1) [137] and Gajdoš et al.
(238 – 400 cm�1) [138] for surface and subsurface O–containing
Ag (111), and Ag (100) structures, respectively. Frequencies >
492 cm�1 appear only on reconstructed surfaces and 0.5 ML cover-
age Ag (311) steps (Figure S5 and Fig. 7b) and arise only from O–
Ag–O vibrations. The O–Ag–O motif can be composed of either sur-
face or subsurface O, where we define surface O-atoms as those
whose nuclei lie above that for the outermost layer of Ag atoms,
and subsurface O as those atoms with nuclei that reside below
those of the first layer of Ag atoms. The m(Ag–O) modes at 205 –
399 cm�1 correspond to surface and subsurface atomic oxygen
on both reconstructed and unreconstructed surfaces, consistent
with previous literature assignments [71,104-107].

Frequency calculations enable us to make several assignments
for the experimental spectra in Fig. 2, Fig. 3 and Fig. 4. Computed
frequencies are consistent with the assignment of the 350 cm�1

band that appears in both pure O2 (Fig. 4a) and cofed ethylene
(Fig. 2) to m(Ag–O) modes of surface atomic oxygen [71,106]. We
assign the broad band centered between 600 and 620 cm�1 (Fig.
2, Fig. 3 principal components 2 and 3) to asymmetric O–Ag–O
vibrations. These O–Ag–O motifs form only on reconstructed sur-
faces or Ag (311) steps at 0.5 ML coverage, and can contain either
surface (e.g. 110–p(2 � 1)) or subsurface atomic oxygen (e.g. 111–
Ag1.2Oasym). The O-Ag-O motifs are similar to O-Au-O complexes
formed on Au nanoparticles that are reported to have vibrational
frequencies in the range of 500–600 cm�1 [121]. The O-Ag-O motif
does not form on unreconstructed (111), (110), or (100) surfaces,
thus vibrational frequencies corresponding to its appearance are a
molecular fingerprint for surface oxidation and reconstruction. The
Raman features attributed to asymmetric O-Ag-O vibrations (near
600 cm�1) decrease as surfaces become more oxidized, which is
evident for Ag2O nanoparticles (Fig. 4b) and for Ag nanoparticles
(Fig. 2 black and red lines, and Fig. 4a) exposed to increasing O2

to C2H4 ratios. These changes do not reflect the loss of the surface
reconstruction or the O-Ag-O motifs, rather, the attenuation of the
Raman peak originates from a decrease in the Raman scattering
intensity of these vibrational modes as the oxygen content
increases [77]. These earlier interpretations are consistent with dif-
ferences in the computed Raman intensities of asymmetric O–Ag–
O vibrations in bulk Ag2O (SI Section S7).

None of our computed structures (Figures S5 and S6) explain
the broad and prominent features near 810 cm�1 [75,76] derived
from oxygen during ethylene epoxidation (Fig. 2) or during oxida-
tive treatments (Fig. 4a). Vibrational frequencies > 800 cm�1 are
uncharacteristic for forms of atomic oxygen either at low coverages
on metallic transition metal surfaces [139,140], within high cover-
age adlayers, or for reconstructed surface oxides [80,97,119]. The
molecular models discussed above, and widely used in the litera-
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ture, only contain surface and subsurface atomic oxygen, and do
not explicitly consider the diatomic oxygen species proposed in
earlier vibrational spectroscopy studies of O2 adsorption to metal
surfaces that reported features near 800 – 1000 cm�1

[69,74,141,142].
To explore this possibility, we generated dioxygen species on Ag

surfaces using the reconstructed and unreconstructed Ag surfaces
that appear on our phase diagrams (Fig. 6, Fig. 7, Table 2). Dioxygen
containing surfaces were generated at both equal and higher oxy-
gen coverages (additional details in Section S.5.2) than the origi-
nating phase diagram structure, and reaction free energies for
dioxygen formation were computed using eq. (4):

DG T;pO2

� �
¼ ErefþxO � Eref � xlOðT; pO2

Þ ð4Þ

where DG is the Gibbs free energy of reaction, Eref is the computed
energy of the respective phase diagram structure, ErefþxO is the
energy of the corresponding dioxygen containing structure, and x
is the number of additional oxygen atoms included to generate
the dioxygen containing structures. Table 3 shows that regardless
of surface and coverage, all dioxygen species form endergonically
(+70 to +225 kJ mol�1) at 523 K, 101 kPa O2. Based on the evidence
presented above, we conclude that the � 810 cm�1 peak present at
523 K does not arise from atomic surface or subsurface O, or
adsorbed diatomic oxygen species on the metallic or reconstructed
surfaces proposed in the literature.

Having excluded the reconstructed and unreconstructed sur-
faces proposed in the literature, and the formation of diatomic oxy-
gen on these surfaces, we next considered the possibility that in
the presence of oxygen (Fig. 4a), or ethylene and oxygen in stoi-
chiometric excess (Fig. 2), the Ag surface may resemble a thin
oxide film, as proposed by Ozbek et al. [32,118] and Fellah et al.
[45]. Experimentally, STM images from Derouin et al. [62] showed
development of a bulk-like Ag2O thin film with atomic oxygen dos-
ing on Ag (111) surface at 500 K. Further, DFT calculations from Xu
et al. show that the binding energy of oxygen on Ag becomes more
exothermic as the number of subsurface oxygen increases [63].
Moreover, similar Raman peak locations are observed for both Ag
and Ag2O nanoparticles exposed to 101 kPa O2 (Fig. 4), suggesting
some similarity between the surface structure of these two mate-
rials. Based on these evidence, we next explored the possibility
that an Ag2O-like surface, which is thicker than the widely dis-
cussed Ag2O tri-layer surfaces considered in our phase diagram
calculations (e.g. Ag1.2Oasym) [63,119,133,137,143,144], may form
under oxidizing conditions.

3.5. Gibbs free energies and frequencies for dioxygen species on an
oxide slab model

We explored formation of diatomic oxygen species on the
widely used Ag2O (001) oxide slab model [32,33,35-37,45] starting
from different exposed lattice oxygen coverages. We systemati-
cally examined symmetrically unique combinations of three possi-
bilities (O vacancy, atomic O, and O2) for each of the four surface
sites (Fig. 8a) of the (2 � 2) Ag2O (001) slab with five layers. We
generated multiple initial guesses for each structure and then opti-
mized the structures. Reaction free energies were calculated at
523 K and 101 kPa O2 according to:

DG T;pO2

� �
¼ EAg2OþxO � EAg2O � xlOðT;pO2

Þ ð4Þ

where EAg2OþxO is the energy of the dioxygen and (or) vacancy con-
taining slab, EAg2O is the energy of the Ag2O (001) surface, and x is
the number of additional oxygen atoms included for generating
dioxygen containing structures and ranges from �4 (four vacancies)



Table 3
Calculated Reaction Energies and Free Energies (523 K, 101 kPa O2) for Dioxygen Formation On Phase Diagram Structures.

Facet Structure Oxygen Change Calculated Reaction Free Energy (kJ mol�1) Calculated Reaction Energy (kJ mol�1)

111 c(4 � 8) 0 +183 +133
+1 +118 +68
+2 +129 +77

Ag1.2Oasym 0 +225 +175
+1 +198 +147
+2 +181 +129

110 c(6 � 2) 0 +180 +130
+1 +112 +62
+2 +164 +112

p(2 � 1) 0 +181 +131
+1 +130 +80
+2 +158 +106

p(3 � 1) 0 +183 +133
+1 +138 +87
þ2 +86 +34

100 p(2
p
2 � p

2) 0 +156 +106
+1 +138 +88
+2 +163 +111

Ag9O +1 +82 +30
+2 +70 +18

Ag9O2 0 +109 +57
+1 +94 +42
+2 +93 +42

Ag9O3 0 +113 +62
+1 +104 +52
+2 +130 +78

311 Ag6O +1 +77 +27
+2 +121 +69

Ag6O3 0 +117 +67
+1 +125 +73
+2 +159 +107

Fig. 8. (a) Top-down view of the lowest energy structures for each dioxygen coverage. The O and O2 surface species are highlighted with bright green boxes, and vacancies are
highlighted with black boxes. (b) Gibbs free energies (523 K, 101 kPa O2) calculated according to eq. (4) and frequencies for varying surface coverages of O vacancies, atomic O
and O2 species on the (2 � 2) Ag2O (001) surface. Each structure has four adsorption sites; colors represent the number of dioxygen species and superscripts are the number
of exposed atomic O; the remainder of the sites are O vacancies.
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to +4 (four dioxygen). For each specific combination of vacancies,
atomic oxygen, and diatomic oxygen, we selected the lowest energy
structure and computed its vibrational frequencies. Fig. 8b and
Table S4 report the relative free energies and maximum computed
frequencies for each configuration; the complete set of vibrational
frequencies for each structure are shown in Figure S7. For struc-
tures with multiple dioxygen, frequencies associated with each
dioxygen are shown. Oxygen in the bulk of the Ag2O slab have high
Raman intensity vibrations at 230 and 390 cm�1 that correspond to
m(Ag–O) and rocking O–Ag–O vibrations, respectively (SI Section
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S.7). All oxide slabs (except the four-vacancy structure) have fre-
quencies between 500 and 586 cm�1 that correspond to asym-
metric O–Ag–O stretches that arise from surface and subsurface
oxygen. Supporting Information Figure S7 and Table S5 show that
computed frequencies and Raman intensities of O-Ag-O vibrations
both attenuate with increasing coverage of dioxygen species on
Ag2O surfaces. Therefore, we expect these modes to possess low
Raman scattering intensities when the catalyst surface is oxygen
saturated, consistent with earlier interpretations by Ertl and cowor-
kers [77]. Oxide slabs that contained only combinations of atomic O



Fig. 9. a) Schematic representation of DFT-computed oxygen species (derived from
different surfaces) and their vibrational frequencies. The dashed line differentiates
surface and subsurface O. b) Depictions of vibrational normal modes and their
corresponding ranges of frequencies.
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and vacancies have frequencies that are all below 586 cm�1, in
agreement with our previous observations for atomic O on low
and high coverage surfaces in Section 3.4.

In contrast to metallic surfaces, several dioxygen containing
structures form exergonically (Fig. 8b) on the Ag2O (001) surface.
The dioxygen species are located in sites that are occupied by
atomic lattice O in the Ag2O (001) structure, have frequencies
above 800 cm�1, and have exergonic free energies at 523 K that
indicate they would be expected to persist at high temperatures
(>380 K), unlike previously identified molecular oxygen species
adsorbed to Ag [17,106,115]. Our results conflict with a previous
report of the highly endothermic (+255 kJ mol�1) adsorption of
O2 on Ag2O (001) oxygen vacancies [32], likely due to unbroken
symmetry of the surface in the prior study. Our computed frequen-
cies for these structures range from 802 to 1027 cm�1, consistent
with the higher frequency band observed when O2 contacts Ag or
Ag2O surfaces (Fig. 4) and during ethylene epoxidation in stoichio-
metric excesses of O2 (Fig. 2). Effective Bader charge analysis (Sec-
tion S.8) of these structures shows that dioxygen complexes are
more electrophilic (�0.28 ej j to �0.43 ej j) than the atomic oxygen
embedded in the surface of or in the bulk of the Ag2O slab (�0.89
ej j to �1.03 ej j). These dioxygen complexes may correspond to XPS
O 1 s features that have higher photoelectron binding energies
(>530 eV) than other oxygen species (528 – 529 eV) present on
the surface during steady-state reaction with a 1:2 ratio of [C2H4]
to [O2] [64,67]. Within Fig. 2a, components one and two, which
dominate at the greatest ratios of [O2] to [C2H4], both contain fea-
tures that align with those consistent with the diatomic species
expected upon oxide surfaces. Upon Ag nanoparticles annealed in
pure O2 (Fig. 4a), the asymmetric feature at � 810 cm�1 and with
a broad shoulder extending to nearly 1000 cm�1 suggests a distri-
bution of dioxygen species that reflects different coordination,
orientation, and coverage of dioxygen species across different sites.
This interpretation appears consistent also with the Raman spectra
of Ag2O nanoparticles in contact with O2 at elevated temperatures
(Fig. 4b), which contain clearly distinguishable distributions of
states between 800 and 1000 cm�1 at 523 K following the oxida-
tive treatment and annealing. This thermal treatment likely
improves the distinction between these dioxygen species by
increasing the order within the surfaces of the Ag2O particles (cre-
ated by precipitation of Ag complexes in basic solutions). The
majority of computed dioxygen containing structures reside in
the 850 – 1000 cm�1 range, which is shifted to higher wavenumber
in comparison to Fig. 2 and Fig. 4. The exact oxide film surface
structure remains unknown, and as suggested in prior studies
[32,33,35-37,45], the Ag2O (001) slab is only an approximation
of the oxide film that encapsulates the Ag particles (that maintain
a metallic core as shown in XRD experiments in Section 3.1).
Therefore, we rationalize that the shift in frequencies could be
due to the real catalyst surface not being stochiometric and (or)
due to the strain created by the lattice mismatch of an oxide film
at a metal interface.

Fig. 9 summarizes the computed frequency ranges and assign-
ments based on our analysis of 49 AgxOy structures and 21 Ag2O
surfaces. The four bands shown in the scheme are consistent with
our assignments for oxygen related species at 523 K under cofed
ethylene and oxygen (220 cm�1, 350 cm�1, 600 – 620 cm�1, and
800 – 1000 cm�1 bands from Fig. 2) and Ag2O nanoparticles (200
– 400 cm�1, 620 cm�1, and 800 – 1000 cm�1 bands from Fig. 4).
Specifically, features at 200 – 400 cm�1 arise from surface and sub-
surface atomic oxygen, broad bands centered near 600 cm�1 from
O–Ag–O motifs, and peaks near 800 – 1000 cm�1 from dioxygen
complexes stabilized by subsurface oxygen, and in the presence
of C2H4 a broad shoulder near 900 cm�1 and a band near
1570 cm�1 appear that have previously been assigned to C2H4O*,
and C2H4*, respectively.
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3.6. Time-Resolved Raman spectra of Ag oxidation and reduction

The combined results of in situ Raman spectroscopy, pre- and
post-treatment XRD, and computed vibrational frequencies
strongly suggest that the Ag nanoparticles form reconstructed sur-
face oxide layers (no more than a few nanometers in thickness)
upon oxidative treatments used here. In comparison, the Ag2O
nanoparticles appear to remain kinetically trapped as bulk oxide
structures but undergo restructuring within the near surface
region when annealed in O2. Both Ag and Ag2O nanoparticles stabi-
lize O2-derived surface intermediates with Raman features
between 800 and 1000 cm�1 (Fig. 2 and Fig. 4), which in compar-
ison to DFT-derived features suggest that they reflect the presence
of diatomic forms of surface oxygen (e.g., peroxides (O2

2–) or super-
oxides (O2

–)). Together these results indicate that the dioxygen spe-
cies form exergonically (and do not spontaneously dissociate)
provided that the surface and near-surface region already possess
near saturation amounts of atomic oxygen. These interpretations
suggest a specific chronological sequence for the formation of
atomic and diatomic oxygen species on Ag during oxidative treat-
ments and implies the reverse should occur during reduction pro-
cesses. Spectrokinetic Raman measurements provide an
opportunity to directly examine this proposal.

Fig. 10 presents results extracted from time resolved Raman
spectra obtained during the initial oxidation of Ag nanoparticles
at 473 K (101 kPa O2, 2 h) and their subsequent reduction (5 kPa
H2, 473 K, 8 h), which reveal distinct kinetic behavior of varying
populations of surface and subsurface forms of atomic and dia-



Fig. 10. Principal components (a) and corresponding loadings of each component as a function of time (b) obtained from time resolved Raman spectra acquired during an
oxidative treatment (101 kPa O2, 473 K, 2 h) and followed by a reductive treatment in dilute H2 (5 kPa H2, 473 K, 8 h). Principal components in (a) are attributed to (1)
diatomic and atomic oxygen surface intermediates upon highly oxidized Ag surfaces, (2) primarily atomic oxygen in the surface and subsurface region with lesser
contributions from diatomic oxygen, (3) surface and subsurface atomic oxygen in reconstructed adlayers, (4) carbonates upon a largely metallic Ag surface. Spectra acquired
at 532 nm (0.16 mW mm�2) with � 5 s time resolution. An oxidative treatment at 773 K (101 kPa O2, 4 h) was used to remove all organic residues prior to the experiment.
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tomic oxygen and carbonates (CO3*). The loading of component 1,
which signifies a combination of surface atomic and diatomic oxy-
gen intermediates, increases and reaches a constant value in the
initial stages of the oxidative treatment (2 – 5 ks). During this per-
iod, the loadings of all other components are negligible suggesting
that the surface and near surface region exists in highly oxidized
states (�Ag2O) capable of stabilizing the diatomic oxygen species
responsible for Raman features between 800 and 1000 cm�1. These
features can also be supported by the calculated frequencies on
Ag2O (001) with dioxygen species (Section 3.5 and Fig. 8). Upon
contact with H2 (5 kPa H2, � 9 ks), the loading of component 1
attenuates rapidly and becomes negligible at an experimental time
of � 10 ks. Concomitantly, the loading for component 2 (surface
and subsurface atomic oxygen of higher coverage reconstructed
adlayers) rises and reaches a maximum by 9.3 ks and subsequently
diminishes by 13 ks, which coincides with a slower increase in
component 3 (surface and subsurface atomic oxygen of lower cov-
erage reconstructed adlayers) that peaks at 10.5 ks and its gradual
decrease until � 36 ks. Finally, the intensity of component 4 (car-
bonates) increases monotonically from 10 to 39 ks, which signifies
that these species dominate the surface of the Ag nanoparticles
once they are fully reduced. In these and prior experiments, the
formation of carbonates in the apparent absence of a C2H4 coreac-
tant must reflect the presence of trace hydrocarbon residues
within the gas mixtures used despite use of appropriate
adsorbents.

The kinetic behavior of the component loading in Fig. 10b
agrees with the proposed assignments for these Raman features
in earlier sections (Section 3.2 and Section 3.5). Contact with H2

consumes diatomic oxygen intermediates upon surface oxides
with stoichiometries that resemble Ag2O1 more rapidly than any
other group of species, either because these diatomic oxygen inter-
mediates react most readily with H2 or because these species spon-
taneously dissociate in the presence of oxygen vacancies generated
in the Ag2O-like surface by reactions with H2. Once reactions with
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H2 completely consume diatomic oxygen, further reactions with H2

necessarily remove atomic oxygen species from the surface and
subsurface region and reduce the average coverage of O*-atoms,
which results in changes in the prevailing surface reconstructions.
These transitions are represented by the transient growth and
attenuation of component 2, which contains features correlating
to high and low coverage surface reconstructions but also smaller
contributions from O2

2– complexes that remain in regions of high
coverage. Subsequently, coupled diffusion and reaction with H2

deplete the remaining atomic oxygen species in a much slower
process illustrated by the changes in component 3, which largely
represents the presence of surface reconstructions that possess
lower coverages of O*-atoms (e.g., those that give the peak near
620 cm�1). We attribute this feature to asymmetric vibrations of
O-Ag-O motifs located in the surface and subsurface regions. The
Raman scattering intensity of these peaks are attenuated when
surfaces bind dioxygen species [77] (SI Section S7), become more
intense upon reduction and removal of dioxygen surface inter-
mediates, and subsequently are consumed by reaction with H2 at
greater exposure times. The dominance of component 3 (i.e., the
620 cm�1 feature) at longer times and its slow attenuation during
reduction suggests that this low O*-atoms surface reconstruction
persists because the O*-atoms consumed by reactions with H2

are replenished by solid-state diffusion of additional O*-atoms
from the near-surface region of the Ag nanoparticle. Carbonates
(component 4) appear at rates that suggest these species form in
regions of the surface with low or negligible coverages of O*-
atoms.

These experimental observations agree with the proposal that
the Raman features present when pure O2 contacts Ag and Ag2O
nanoparticles (Fig. 4) represent diatomic forms of oxygen bound
at oxygen vacancies within Ag2O (001)-like surfaces (Fig. 8). Wang
et al. report that peaks originating at 956 cm�1 and 800 cm�1 give
rise to new peaks at � 931 cm�1 and � 778 cm�1 upon replace-
ment of 16O2 with 18O2, resulting in a 20 – 24 cm�1 shift [59], which
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resembles similar reports of � 20 cm�1 isotopic shifts for bands in
the 800 – 1000 cm�1 by other groups [74,108]. These shifts appear
inconsistent with prior studies that interpreted these differences as
evidence that observed features at 800 – 1000 cm�1 reflected dif-
ferent forms of atomic oxygen. In comparison, molecularly
adsorbed O2 on metallic Ag exhibits a � 55 cm�1 isotopic shift
but desorbs at temperatures > 380 K [106,107,115,145]. We calcu-
lated differences between v(Ag–16O2) and v(Ag–18O2) for all the
diatomic oxygen species depicted in Fig. 8 and determined these
values range from 52 to 59 cm�1. However, the dioxygen structures
may form both by direct adsorption of O2 but also surface reactions
that reform O-O bonds among atomic species at 523 K in Fig. 8 and
Fig. 9. Therefore, past measurements likely reflect the presence of
diatomic 16O18O derived from reactions among 16O2 and 18O2 and
atomic forms of 16O or 18O. Upon the highly oxidized Ag surfaces
depicted in Fig. 8, the computed frequency difference between v
(Ag–16O–16O) and v(Ag–18O–16O) range from 24 to 29 cm�1, similar
to the widely reported � 20 cm�1 isotopic shift observed by several
groups under similar conditions [19,19,74,108]. This scenario may
involve reversible formation of Osurface=Osubsurface complexes pro-
posed to be responsible for the � 800 cm�1 band and discussed
in a recent review from Pu et al. [19].The computed frequencies
for exergonic forms of O2* and experimental frequencies occupy
a broad range between 800 and 1000 cm�1 that reflect a strong
dependence on the binding site, the relative coverage of atomic
and diatomic coadsorbates, and presumably the surface structure
of the oxide-filmmodeled as Ag2O. Consequently, we conclude that
the previously measured experimental shifts in features following
isotope substitution may be consistent with certain configurations
of O2* species that form on oxide-like films encapsulating Ag
nanoparticles.
4. Conclusions

Surface structure and reactive intermediates formed by contact
between Ag nanoparticles and mixtures of O2 and C2H4 influence
rates and selectivities for ethylene epoxidation and their determi-
nation requires experimental and computational methods that are
capable of examining the form of the surface that exists during cat-
alysis. Here, we provide compelling evidence from in situ SERS
spectra (acquired at steady-state and during transients) and ab
initio free energy and frequency calculations that suggest signifi-
cant fractions of the surfaces of Ag particles form reconstructed
surface oxides and stabilize diatomic oxygen during EO catalysis.
These reconstructed and Ag-oxide-like surfaces are represented
by O–Ag–O structural motifs that appear as a broad Raman scatter-
ing feature centered near 600 cm�1. This feature decreases as O2 to
C2H4 ratios increase due to the formation of diatomic oxygen on
the surface and an increase in the amount of subsurface oxygen,
which decreases the Raman scattering intensity of these vibrations
[77]. We assign the band centered near 810 – 840 cm�1 to dioxy-
gen complexes composed of surface and lattice O that form on
an oxide-like overlayer during both exposure to O2 and steady-
state reaction. Unlike molecular oxygen adsorbed on metallic Ag,
these dioxygen complexes are stable at temperatures representa-
tive of EO catalysis (473 – 573 K) and form only after the Ag surface
contains substantial contents of surface and subsurface O. Our
interpretations differ from longstanding proposals that the fea-
tures centered near 800 cm�1 on Ag represented atomic oxygen
species, although the assignments for these features were never
resolved in prior studies.

The ubiquitous appearance of the same Raman bands on EO cat-
alysts composed of single crystal and supported and unsupported
polycrystalline particles is consistent with the proposal that the
Ag surface undergoes oxidation and reconstruction to resemble a
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surface oxide during EO catalysis. This oxide layer is thicker than
the Ag2O tri-layer surfaces considered in prior literature, and while
its exact structure remains unknown, our results highlight a need
for identification of the molecular structure of Ag-oxide films
beyond previously proposed reconstructions. We rationalize foun-
dational and recent observations of structure insensitivity of ethy-
lene oxidation rates to be a consequence of surface saturation and
reconstruction, as proposed by Boudart. This view agrees with a
recent report from van Hoof et al. [18] that evidences oxygen diffu-
sion and dissolution into Ag particles under reactions conditions
that leads to ethylene oxidation rates normalized to the surface
area of the first outer shell of crystallites that are independent of
particle size. Informed by these realizations, further research aims
to relate the structure of the surface oxide and the number of oxy-
gen vacancies to rates and selectivities for ethylene epoxidation
using in operando methods and ab initio calculations.
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