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ABSTRACT: The influence of particle size (20−200 nm) of
Ag/α-Al2O3 catalysts for epoxidation of ethylene to ethylene
oxide (EO) under industrial conditions was investigated. Small
silver particles up to ∼40 nm are predominantly monocrystal-
line and show a decreasing weight-normalized reaction rate
with increasing particle size. Particles larger than 50 nm consist
of multiple silver crystallites with a much smaller domain size
between 25 and 30 nm. For these polycrystalline silver
particles, the weight-normalized reaction rate is independent of
particle size. The ethylene conversion rate normalized to the
external surface area increases when the silver particles become
larger. We attribute this to a specific role of the grain
boundaries between silver crystallites in supplying oxygen
atoms to the external surface. Oxygen is likely activated at defects of an otherwise low-reactivity silver surface (for oxygen
adsorption) followed by diffusion along grain boundaries, dissolution in the bulk, and diffusion to the external surface, where
oxygen atoms react with ethylene. The reaction rate normalized to the surface area of the first outer shell of crystallites making
up silver particles is independent of size for polycrystalline particles. A higher reaction pressure benefits ethylene oxidation rate
and EO selectivity due to a higher oxygen coverage. Adding chlorine further improves the EO selectivity through modification
of the active surface. The same particle size dependences are observed at 1 bar and at 20 bar without and with chlorine. The
main finding of our work is that for large enough particles the ethylene oxidation rate normalized to the silver weight is
independent of size. In addition to the size-independent weight-based activity, the preference for larger particles in industrial
catalysts can be attributed to the high silver loadings used to obtain larger silver particles. The resulting high coverage of the α-
Al2O3 support with silver decreases undesired consecutive reactions of EO on its hydroxyl groups.

KEYWORDS: ethylene epoxidation, silver, particle size, chlorine, support

■ INTRODUCTION

With an annual production of 35 million tons, the direct
epoxidation of ethylene to ethylene oxide (EO) constitutes one
of the major heterogeneous catalytic processes in the chemical
industry.1 EO is primarily used as an intermediate in the
production of other useful chemicals. The most important
derivative is ethylene glycol, which is used for the manufacture
of polyester fibers and for antifreeze purposes.2 One of the
main applications is in the production of polyethylene
terephthalate for packing films and bottles.
The heart of the ethylene oxide process is the unique ability

of silver to catalyze the selective addition of an oxygen atom
from O2 across the carbon−carbon double bond in ethylene.3

Using appropriate promoters such as cesium and chlorine, the
EO selectivity can exceed 80% under industrial conditions.2,4

The high selectivity is thought to derive from the electrophilic
nature of particular surface oxygen species, whose properties
are modified by subsurface oxygen. The electrophilicity can

also be enhanced by the use of chlorine as a promoter for the
selectivity.5 Nucleophilic oxygen species, on the other hand,
may give rise to the unselective combustion of ethylene, in
which acetaldehyde features as an intermediate.6−8 Generally,
it is believed that the silver surface remains metallic and
contains different types of atomic oxygen species under the
reaction conditions.9 Moreover, the silver can reconstruct
under the influence of oxygen coverage. The epoxidation is
thought to occur via an oxametallacycle intermediate, which
can be converted to the desired EO product or acetaldehyde,
which is rapidly combusted on silver.10,11 Another unselective
route is isomerization of EO to acetaldehyde on acidic groups
of the support.
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As is commonly observed in heterogeneous nanoparticle
catalysis, the performance in terms of activity and selectivity of
silver nanoparticles in ethylene epoxidation is strongly affected
by their size. The structure sensitivity of metal nanoparticles
for reactions such as ammonia synthesis, carbon monoxide
hydrogenation, and methane steam reforming is currently well
understood in terms of specific topological arrangements of
surface metal atoms that appear for particles smaller than 10
nm.3−6 Very different from this, optimum silver particles for
EO formation are much larger than 10 nm, typically in the
range of 100−1000 nm.2 As stated by Goncharova et al., this is
somewhat surprising, as we may expect particles larger than 10
nm to behave as bulk silver.7 Accordingly, the size effect for
silver-catalyzed ethylene oxidation has been investigated by
many authors.
The first important reports on the effect of silver particle size

on ethylene epoxidation were published in the 1970s by Wu
and Harriot and in the 1980s by Verykios et al.8,9 A decrease in
the catalytic activity upon a particle size increase from 5 to 60−
70 nm followed by an increasing activity for larger particles was
mentioned in these works. Later on, Lee et al. published
seemingly opposing results, by showing an increasing activity
from 20 to 40 nm followed by a decrease for larger particles in
the 60−100 nm range.10 Such a variation of reported particle
size dependences is also evident from other work.11−13 It has
been speculated that under the reaction conditions smaller
particles contain less electrophilic oxygen species, which are
crucial for selective ethylene conversion to EO.12 Gonchorova
et al., on the other hand, mentioned that the surface-
normalized ethylene oxidation rate correlates with the number
of crystallites per silver particle.7,14 Accordingly, these authors
proposed that the grain boundaries in silver particles play an
important role. Most of these studies were performed under
conditions far from industrial practice. Only a few inves-
tigations studied the influence of elevated pressure, and only
one involved the use of an industrial cesium promoter.13 To
the best of our knowledge, no literature has discussed the
structure sensitivity of silver particle catalysts in the presence of
the common industrial chlorine promoter under high pressure.
Although an important corollary of the previous works is that
high EO selectivity is related to large silver particles, a recent
study claimed that this is merely due to differences in ethylene
conversion.20 In summary, despite efforts to explore the
structure sensitivity of silver catalysts, there is no consensus on
how the size of silver particles affects their performance in
ethylene epoxidation.
In the present work, we systematically investigated how the

ethylene conversion rate depends on the silver particle size
under close to industrial conditions. Silver catalysts were
synthesized by impregnation of a silver oxalate precursor on an
α-Al2O3 support with a relatively low surface area in the
presence of ethylenediamine.15 Average particle sizes between
19 and 183 nm were obtained by adjusting the silver loading
and the gas composition and temperature used to decompose
the precursor. The catalysts were characterized by physico-
chemical techniques, including elemental analysis, XRD, SEM,
HAADF-STEM, and O2-TPD. Catalytic performance was
determined under total pressures of 1 and 20 bar. The
influence of the chlorine promoter (added in the form of vinyl
chloride) was determined under a pressure of 20 bar. In our
discussion, we emphasize the influence of silver particle size on
the ethylene oxidation rate in which the polycrystalline nature
of larger silver particles is shown to play an important role.

■ EXPERIMENTAL METHODS

Catalyst Preparation. As-received 3 mm α-Al2O3 pellets
(Saint-Gobain NorPro, SA 5102) were crushed and sieved to
obtain a 125−250 μm size fraction followed by calcination
overnight at 550 °C. Silver oxalate (Ag2C2O4) was prepared by
dissolving silver nitrate (AgNO3, Alfa Aesar, ACS, ≥99.9%, 5
g) and oxalic acid (C2H2O4, Sigma-Aldrich, ReagentPlus,
≥99%, 50 g) in 100 mL of deionized water followed by stirring
for 10 min. The obtained white suspension was filtered and
washed with deionized water three times. Afterward, the solid
was dried under vacuum overnight and stored until further use.
Supported silver catalysts were prepared according to a

known procedure for obtaining industrial EO catalysts.15 To
this end, the sieved α-alumina support was impregnated by a
silver oxalate/ethylenediamine (molar ratio 1/3) solution in
deionized water. The total amount of silver oxalate was
adjusted to obtain silver loadings between 2 and 10 wt %. The
impregnated catalyst precursor was vacuum-dried at room
temperature for 1 h and calcined in a flow of 0 or 10 vol %
oxygen in helium at 1 atm and 275, 400, or 500 °C using a
heating rate of 10 °C min−1 and an isothermal dwell of 4 h.

Characterization. The silver content of the samples was
determined by inductively coupled plasma (ICP) analysis
performed on a Spectroblue spectrometer with optical
emission spectroscopy (OES) and a CETAC ASX-520 Auto
Sampler. For analysis, 25−50 mg of the sample was mixed with
20 mL of a 3 M HNO3 solution. The dispersion was stirred
and heated to 80 °C for 1 h to extract all of the silver from the
support material. The solution was then cooled to room
temperature and diluted to 50 mL in a volumetric flask. The
alumina residue was allowed to settle down, and then 5 mL of
this solution was taken in another volumetric flask and diluted
to 50 mL. Around 25 mL of this diluted solution was used for
analysis. All ICP-OES measurements were carried out in
duplicate.
The phase composition of the samples was determined by X-

ray diffraction (XRD), recorded with a Bruker D2 Endeavor
powder diffraction system using Cu Kα radiation. The XRD
patterns were recorded in air. The scanning speed was 6.0° 2θ
min−1 in the range of 5−90° 2θ. Crystallite sizes were
determined by applying the Scherrer equation to the (220)

reflection of the silver phase, using = λ
β θ

d K
crystallite cos

with K

being the shape factor (0.9), λ the X-ray wavelength, and β and
θ the full-width at half-maximum and the Bragg angle of the
(220) reflection, respectively. In situ XRD patterns were
recorded on a Bruker D8 Advance instrument, which was
equipped with an environmental cell, using Cu Kα radiation.
High-angle annular dark field scanning transmission electron

microscopy (HAADF-STEM) was performed on a TU/e
CryoTitan instrument (FEI, now Thermo Fischer-Scientific) at
room temperature. (S)TEM sample preparation involved
sonication of the samples in pure ethanol (Biosolve, extra
dry, 99.9%) and application of a few droplets of the suspension
to a 200 mesh Cu TEM grid with a holey carbon support film.
Prior to imaging, the supported samples were left in an oven at
40 °C overnight to remove residual ethanol. STEM images
were acquired using a probe convergence angle of 10 mrad, a
dwell time of 2 μs, and a camera length of 89 mm in
combination with a Fischione HAADF detector. Scanning
electron microscopy (SEM) images were taken by a FEI
Quanta 200F scanning electron microscope at an accelerating
voltage of 3 kV and spot size 4.5.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.9b02720
ACS Catal. 2019, 9, 9829−9839

9830

http://dx.doi.org/10.1021/acscatal.9b02720


XPS measurements were carried out with a Thermo
Scientific K-Alpha apparatus, equipped with a monochromatic
small-spot X-ray source and a 180° double-focusing hemi-

spherical analyzer with a 128-channel detector. Spectra were
obtained using an aluminum anode (Al Kα = 1486.6 eV)
operating at 72 W and a spot size of 400 μm. Survey scans

Table 1. Parameters Used To Control Particle Size for Ag/α-Al2O3 Catalysts

sample name He/O2 (vol %) T (°C) Ag (wt %)a particle size (nm)b σ (nm)b nb SE (nm)b XRD (nm)c

Ag(19) 100/0 400 1.3 19 9 200 0.64 19
Ag(23) 100/0 275 1.7 23 11 400 0.55 19
Ag(41) 100/0 275 4.5 41 16 400 0.80 20
Ag(48) 90/10 275 1.7 48 19 400 0.95 24
Ag(57) 90/10 275 4.0 57 21 400 1.05 25
Ag(99) 90/10 275 8.7 99 32 400 1.60 26
Ag(106) 90/10 275 8.2 106 47 199 3.33 30
Ag(127) 90/10 275 10.0 127 47 349 2.53 27
Ag(167) 90/10 500 7.8 167 58 291 3.42 26
Ag(183) 90/10 275 14.4 183 89 484 4.05 28

aWeight loading determined by ICP-OES. bParticle size determined by HAADF-STEM (σ standard deviation, n number of paricles, SE standard
error of mean σ/√n). cDetermined by applying the Scherrer equation on the Ag(220) XRD peak.

Figure 1. HAADF-STEM images, corresponding histograms, and magnification of the XRD diffractogram of the Ag(220) region for the selected
catalysts (a) Ag(41), (b) Ag(106), and (c) Ag(167). The diffractogram of Ag(41) was smoothed with a five-point moving average.
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were measured at a constant pass energy of 200 eV and region
scans at 50 eV. The background pressure was 2 × 10−9 mbar
and during measurement was 3 × 10−7 mbar argon because of
the charge compensation dual-beam source. XPS spectra were
fitted with CasaXPS. A Shirley background subtraction was
applied, and Gauss−Lorentz curves were fitted (Supporting
Information, Figure S1).
O2-TPD (temperature-programmed desorption) experi-

ments were carried out in a plug flow quartz reactor. A 250
mg amount of the as-prepared catalyst was loaded in the
reactor and heated (225 °C, 20 °C min−1) in an oxygen flow
(10 mL min−1) for 3 h at atmospheric pressure followed by
cooling to 50 °C. Then, the oxygen flow was replaced by a
helium flow for 0.5 h, followed by heating in a He flow to 550
°C at a rate of 10 °C min−1. Gas analysis was performed by the
mass spectrometer (quadrupole mass spectrometer, Balzers
TPG 251). The monitored gases were hydrogen (m/z 2),
helium (m/z 4), methane (m/z 16), water (m/z 18), nitrogen
(m/z 28), oxygen (m/z 32), and carbon dioxide (m/z 44). The
current intensity was measured against time and normalized by
the helium signal.
Catalytic Activity Measurements. The catalytic activity

measurements were performed in a continuous plug-flow
reactor. The stainless-steel reactor was loaded with 20−150 mg
of silver catalyst, maintained between quartz plugs. The
catalyst loading was adjusted to achieve an ethylene conversion
below 10%. The pretreatment gas mixture consisted of 10 vol
% oxygen in helium, and a total flow of 20 mL min−1 was
maintained by thermal mass flow controllers. Before reaction,
the pretreatment gas flow through the reactor was stabilized at
the reaction pressure (typically 20 bar) for 2 h. Then, the
reactor was heated to 225 °C at a rate of 20 °C min−1 and
dwelled for 3 h in the pretreatment gas. The reaction was
started by switching two fast four-way valves which replaced
the pretreatment gas by the reaction feed mixture. The reaction
feed mixture consisted of 10 vol % oxygen and 5 vol %
ethylene balanced by helium, at a total flow of 20 mL min−1.

Optionally, a small flow of a mixture of 99.5 ppm vinyl chloride
(VC) in helium was added to achieve a final chloride
concentration of 1 ppm. Online gas analysis was carried out
by a three-channel gas chromatograph (Compact GC,
Interscience) equipped with one flame ionization detector
(FID) and two thermal conductivity detectors (TCD). The
FID coupled with an Rt-QSBond column was used to analyze
ethylene oxide and acetaldehyde. One TCD coupled with a
Molsieve 5A column was used to analyze oxygen. The second
TCD coupled with an Rt-QBond column was used to detect
carbon dioxide and ethylene. The main products were analyzed
at intervals of 5 min. After 2−60 h, the reaction was stopped by
replacing the feed mixture by helium and cooling the reactor to
room temperature.

■ RESULTS AND DISCUSSION
The silver catalysts were prepared according to a (patent)
literature procedure in which the α-Al2O3 support (surface area
1.04 m2 g−1) was impregnated with an aqueous solution
containing silver oxalate and ethylenediamine.15,16 After
drying, the catalyst precursor was heated under an oxygen−
helium atmosphere to remove the organic ligands. To control
the silver particle size, the silver loading, the oxygen partial
pressure, and the temperature of calcination were varied. Table
1 gives the main properties of the prepared catalysts in this
study. XPS showed that there was no nitrogen left from the
ethylenediamine ligand used in the preparation after
calcination (Figure S1). We employed HAADF-STEM to
determine the size and size distribution of the silver particles.
Representative HAADF-STEM images and corresponding
histograms of the catalysts are shown in Figure 1.
Corresponding particle size histograms of the other catalysts
are included in Figure S2. The average particle size in the silver
catalysts ranged from 19 to 183 nm. Analysis of the particle
size using SEM confirmed these results (Figure S3). The Ag/
Al ratio obtained by XPS correlated well with the product of
the surface area determined from the average silver particle size

Figure 2. (a) Surface-normalized ethylene oxidation rate as a function of the silver particle size. Steady-state reaction rates are normalized to the
number-weighted average particle size of the fresh catalyst (number-, area-, and volume-averaged particle size dependence in Figure S5). (b) EO
selectivity as a function of silver particle size (reaction conditions: 225 °C, 5% C2H4, 10% O2, further conditions in the figure). Lines are added to
guide the eye.
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and weight loading (Figure S4). The silver crystallite size was
determined by analysis of the broadening of the (220)
reflection of silver in the XRD patterns.17 We used the fwhm
method and established that the use of the integral breadth
method gave very similar results. Some representative
diffractograms in the Ag(220) region are shown in Figure 1.
The primary crystallite size of the silver particles in our samples
varied between 19 and 30 nm. Using the same method, the
crystallite size of a micrometer-sized silver powder was
determined to be ∼50 nm.
The catalytic performance of the silver samples was

evaluated in the selective oxidation of ethylene at a
temperature of 225 °C.2,15,18 In all cases, the reaction feed
consisted of 5% ethylene and 10% oxygen balanced by helium.
Reactions were carried out under three different conditions:
(A) at a pressure of 20 bar in the presence of 1 ppm VC, (B) at
a pressure of 20 bar without VC, and (C) at a pressure of 1 bar
without VC. The experiments carried out in the presence of
chlorine at a pressure of 20 bar (conditions A) are closest to
those employed in industrial EO production. We observed
substantial changes in the ethylene conversion and EO
selectivity as a function of the time on stream, especially in
the presence of VC. These aspects will be discussed later, after
comparison of the nearly stable activities obtained after ca. 20−
60 h on stream of the various catalysts (Figure S9).
Figure 2a shows the ethylene conversion rates normalized to

the silver surface area on the basis of a spherical particle
assumption using average sizes determined by HAADF-STEM.
For particles between 20 and 50 nm, the reaction rate did not
vary strongly. Strikingly, above 50 nm the rate increased nearly
linearly with the average particle size independent for all
reaction conditions. The catalytic rates without VC obtained at
20 bar (conditions B) were about 2−3 times higher than the
rates obtained at a total pressure of 1 bar (conditions C). Such
an influence of the pressure can be ascribed to a higher oxygen
coverage of the silver surface.19,20 Figure 2b shows that the EO
selectivity was also higher at higher reaction pressure. In the
presence of VC (conditions A), the oxidation reaction was
strongly suppressed by competitive adsorption of chlorine.21,22

Figure 3 shows the strong dependence of EO selectivity on
ethylene conversion. Under conditions A, the highest EO
selectivity was obtained. The EO selectivities under conditions
C were substantially lower (∼40−50%) than those under
conditions A and B. We can estimate the intrinsic EO
selectivity by extrapolating to zero ethylene conversion. The
intrinsic EO selectivity was lower for conditions B (20 bar
without VC) than for conditions A (20 bar with VC), which is
in keeping with the promoting effect of chlorine associated
with a higher amount of electrophilic oxygen species.21 It is
also observed that, in the presence of chlorine, smaller particles
exhibited a slightly lower EO selectivity in comparison to
catalysts containing larger particles. The decrease in EO
selectivity with increasing ethylene conversion is likely due to
consecutive reactions of the primary EO product. EO can
isomerize on hydroxyl groups of the support to acetaldehyde,
which is prone to rapid combustion on the silver surface.
Differences in EO selectivity may therefore also be due to the
amount of support surface exposed, which depends among
other things on the silver loading. The higher silver loading
used to obtain catalysts with larger silver particles can thus
explain the higher EO selectivity as well as the less pronounced
decrease in the EO selectivity with increasing ethylene
conversion. These trends are in keeping with earlier
reports.9,10,23 In summary, larger silver particles gave rise to a
higher (surface-normalized) activity and EO selectivity,
especially in the presence of chlorine (conditions A).
The influence of the size of silver particles on the ethylene

oxidation rate is unexpected. In general, it is expected that large
silver particles with an fcc structure expose the most stable
Ag(111) surface. Thus, it is not likely that the observed particle
size effect is due to the appearance of specific surface
topologies on larger particles with higher reactivity. On the
other hand, the presence of oxygen at the surface can lead to
the stabilization of other facets and also surface reconstruction
should be considered. AAlthough the literature is not
conclusive on this aspect, Ag(111), oxygen-induced recon-
structed Ag(110), and Ag(100) surfaces have been considered
in the context of ethylene epoxidation in addition to the
Ag(111) surface.24−26 None of these surfaces are completely

Figure 3. EO selectivity as a function of ethylene conversion (reaction conditions: 225 °C, 5% C2H4, 10% O2): (a) 1 and 20 bar; (b) 20 bar + VC.
Lines are guide to the eye, and dashed lines extrapolate EO selectivity to zero ethylene conversion.
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oxidized under the reaction conditions according to theoretical
works.27,28

Figure 4 shows that the oxidation rate normalized to the
total silver content (weight-based rate) is independent of size

for particles larger than 50 nm. This trend holds for all three
reaction conditions, which implies that the reaction rate does
not scale with the surface area of the silver particles. Instead, a
bulk effect appears to affect the ethylene oxidation rate. We
used the Scherrer equation to estimate the average crystallite
size of the silver particles on the basis of the fwhm of the
Ag(220) reflection. Table 1 shows that, except for the samples
containing on average 19 and 23 nm particles, the silver
particles are composed of ca. 25−30 nm silver crystallites,
irrespective of the particle size. The silver crystallite size of
Ag(19) and Ag(23) is slightly smaller. Thus, silver particles
with a size larger than ∼50 nm have a domain structure, which
means that they are polycrystalline. This aspect of supported
silver particles in EO catalysts has already been mentioned in
the work of Goncharova et al.7 They argued that the increase
in the activity observed for larger silver particles is due to a
higher concentration of active sites at the vicinity of the grain
boundaries. Grain boundaries can be effective channels for
oxygen diffusion.29−31 Our data show that monocrystalline
silver particles with a size up to ∼30 nm show a changing
reaction rate per gram of silver. Above this size, the particles
become polycrystalline and the reaction rate normalized to the
silver weight remains constant. These data provide a strong
indication that grain boundaries in the silver particles play an
important role in ethylene oxidation.
A first possible explanation involves low oxygen coverage on

the silver surface under the reaction conditions. In general,
oxygen adsorbs very weakly on silver. For example, recent
microkinetic modeling emphasized a very low oxygen coverage
on the most stable Ag(111) surface under the reaction
conditions.25 Thus, other sites may be involved in the
activation of molecular oxygen, such as defect sites close to

the grain boundaries at the external surface, which can lead to
the uptake of oxygen atoms between silver crystallites. These
oxygen atoms can then dissolve in and diffuse through the bulk
of the silver phase and appear at the external surface of the
silver particles, where they are involved in ethylene
epoxidation. If the rate of oxygen dissolution in the bulk of
the primary crystallites is a slow step, the reaction rate will be
proportional to the total surface area based on the silver
crystallites (or rather the first shell of crystallites exposed to the
external surface of the particles, vide infra). As particles larger
than 50 nm are polycrystalline and composed of roughly
similar-sized crystallites independent of the silver particle size,
the total crystallite surface area will be independent of the
silver particle size. In contrast, a strong effect of particle size is
noted when the silver particles are smaller than 50 nm. The
silver particles in this range are monocrystalline, and the
surface available for oxygen uptake increases with decreasing
particle size, which can explain the higher ethylene oxidation
rate. Temperature-programmed desorption of oxygen (O2-
TPD) was carried out for two silver catalysts (Figure S7):
Ag(23) containing predominantly monocrystalline silver
particles and Ag(127) consisting of multiple crystallites
(∼75). O2-TPD measurements were performed after exposure
to oxygen at 250 °C for 3 h followed by cooling in oxygen to
50 °C and flushing in helium (Table S2). The oxygen content
normalized to the external surface area of the silver particles
amounted to 1.3 and 4.6 ML (ML = monolayer), respectively,
for Ag(23) and Ag(127). When they were normalized on the
basis of the surface area of the crystallites, the oxygen contents
for Ag(23) and Ag(127) were 1.1 and 1.0 ML of Ag2O,
respectively. This result shows that the silver particles can take
up a substantial amount of oxygen at the surface of the silver
crystallites. While Ag(23) will predominantly contain oxygen
adsorbed at the external surface, Ag(127) contains more
dissolved oxygen. These results suggest that the external
surface of the silver particles is covered with abundant oxygen
after cooling in oxygen. We cannot directly relate these oxygen
coverages to the ethylene oxidation reaction, because the
coverages were determined after cooling in oxygen. Moreover,
during ethylene oxidation oxygen species will be removed by
reaction with ethylene.
We also considered an alternative explanation involving

partial coverage of the silver surface by oxygen under reaction
conditions. We consider again the microkinetic modeling work
of Hus and Hellman: for instance, Ag(100) will contain ∼0.25
ML of oxygen under ethylene oxidation conditions.25 To
explain the role of a pathway involving oxygen adsorption via
grain boundaries, we consider that the migration of oxygen
from the external surface to the subsurface is limiting the
overall reaction. Then, a supply of oxygen via grain boundary
absorption and diffusion through the bulk to the external
surface can play a role. This model implies that the
nucleophilic oxygen species represented by atomic oxygen
adsorbates on a metallic surface cannot react with ethylene.
Only in the presence of subsurface oxygen when these oxygen
atoms become more electrophilic is a pathway to ethylene
oxidation opened. However, many works have emphasized that
both nucleophilic and electrophilic oxygen species can oxidize
ethylene.19,21,32,33 Moreover, single crystals of silver (presum-
ably without grain boundaries) can also be active for silver
epoxidation in the presence of oxygen.34−37 Accordingly, we
conclude that the first explanation involving a low oxygen
surface coverage is more likely than the second.

Figure 4. Weight-normalized reaction rate as a function of silver
particle size (reaction conditions: 225 °C, 5% C2H4, 10% O2, further
conditions in the figure). Error bars are based on the standard
deviation, which is calculated from three repetitive experiments to
determine the experimental error. Lines are added to guide the eye.
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Importantly, our data indicate that oxygen species diffusing
through the bulk of the silver crystallites play a role in the
ethylene oxidation reaction. The silver−oxygen bulk system
has been well studied. Ag2O dissociates into solid Ag and O2 at
temperatures above 189 °C under atmospheric pressure.38 For
solid bulk silver at 225 °C, we estimate a maximum oxygen
content of ∼20 ppm at an oxygen partial pressure of 2 bar
(conditions B) and ∼6 ppm at an oxygen partial pressure of 0.2
bar (conditions C).39 Thus, it is most likely that under the
reaction conditions only small amounts of oxygen are present
in the bulk.40−42 At the external surface of the particles, these
oxygen atoms can be involved in ethylene oxidation. Our
catalytic rate data show that an increase of the pressure from 1
to 20 bar leads to a 3-fold increase in the oxidation rate, which
is in reasonable agreement with the estimated increase in the
oxygen content of bulk silver under these conditions. A higher
amount of dissolved oxygen in the bulk will increase the
oxygen coverage at the external surface of the silver particles.
Thus, the observed trends can be explained by a limited

availability of oxygen atoms at the external surface. This is
because oxygen adsorption on the external surface is slow. It
would lead to a strong decrease in ethylene oxidation rate with
increasing particle size. This decrease is observed for
monocrystalline particles smaller than 50 nm. However, for
larger particles an additional faster oxygen supply pathway to
the surface is opened, which involves oxygen dissociation at
particular defect sites close to grain boundaries followed by
uptake at grain boundaries and bulk diffusion to the surface.
Previously established kinetic models seem to suggest that
oxygen adsorption is a kinetically relevant step.43,44 Further-
more, under close to industrial conditions the ethylene
conversion rate has a strong positive order in oxygen and is
close to zero in ethylene pressure.43,45,46 On the basis of the
observation that the maximum oxygen content is proportional
to the crystallite surface area, we propose that oxygen
activation occurs at specific defect sites at the surface followed
by diffusion along the grain boundaries, uptake in the bulk, and
diffusion to the external surface. In contrast, ethylene can only
access the external surface area of the silver particle.
Obviously, a model in which oxygen diffusion from grain

boundaries through the bulk to the external surface of silver

particles accounts for ethylene oxidation would only involve
crystallites that are partially exposed to the gas phase.
Accordingly, we used a simple geometrical model in which
we divided spherical silver particles (average particle size from
HAADF-STEM) in uniformly sized spherical crystallites
(crystallite size based on XRD). The details of the calculations
are given in section S7 in the Supporting Information. The
ethylene oxidation rate normalized to the surface area of these
crystallites is nearly independent of the silver particle size for
particles larger than 50 nm, in both the absence and presence
of chlorine (Figure 5). It should be noted that, in this particle
size range, this correlation is similar when the rate is based on
the surface area of all crystallites in a silver particle. The
reaction rates normalized to crystallite surface obtained for
particles larger than 50 nm are about 0.2−0.4 mol m−2 h−1

under conditions C. These rates are close to the ethylene
conversion rates observed for single-crystal studies under
comparable conditions (Table S2).
Thus, our model can well explain the unusual structure

sensitivity for the ethylene oxidation reaction. As the reaction
rate is likely controlled by the grain boundaries of external
crystallites, one expects a decrease in the reaction rate for very
large particles. To verify a possible upper limit, we evaluated
the catalytic performance of a silver powder under conditions
B. The silver powder had a particle size of ∼3.5 μm and a
primary crystallite size of ∼50 nm according to XRD. The
surface-normalized rate is approximately 6 mol m−2 h−1,
whichis substantially lower than expected on the basis of the
linear correlation for conditions B in Figure 2, even when the
larger primary crystallite size is considered. This suggests that
there is an optimum particle size for these silver particles,
which also depends on the primary crystallite size. We expect
that this will also depend on the preparation and activation
method. We attempted to increase the crystallite size of our
catalysts in a variety of manners, however without success.
Even sintering of Ag(167) at 800 °C in hydrogen to an average
particle size of ∼250 nm resulted in a nearly similar primary
crystallite size of 31 nm as determined by XRD. The catalytic
performance of this sample was not evaluated.
As mentioned earlier, there is a substantial difference in time

on stream behavior between various particle sizes. Figure 6

Figure 5. Ethylene oxidation rate normalized to the external surface of the silver particles (solid circles), the surface area of the first shell of
crystallites that make up the silver particles (open circles), and the surface area of all crystallites that make up the silver particles (crosses): (a) 20
bar + VC; (b) 20 bar; (c) 1 bar (reaction conditions: 225 °C, 5% C2H4, 10% O2).
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shows time on stream data for Ag(41), Ag(99), and Ag(167)
catalyst samples for conditions B (additional data are given in
Figure S9 in the Supporting Information). Small particles (<50
nm) exhibit typically a fast activation behavior, and the
ethylene conversion becomes stable within a few hours. For
larger particles, the time to reach a stable rate becomes longer:
i.e., 30 h for Ag(99) and ∼50 h for Ag(167). The same trend is
observed for the experiments at 1 bar (conditions C, Figure S9
in the Supporting Information). In contrast, the activity is
nearly constant for experiments done with VC in the feed
(conditions A). Only for Ag(167) is a slight increase of the
activity over time noted. It is likely that the activation behavior
in the catalytic activity measurements in the presence of VC is
obscured by chlorine inhibition of the silver surface.
An increasing activation period for larger particles strongly

suggests that not only the external surface needs to be activated
but also the bulk is involved in this transition. Within our
proposed model, oxygen uptake from the crystallite external
surface into the bulk may be a slow step in the overall
mechanism. Then, the transient behavior can be due to the
buildup of atomic oxygen along the grain boundaries. For
relatively small particles, the surface to bulk ratio is high and
grain boundaries play a minor role. Activation for large
particles takes longer, because of a slower buildup of a
sufficient oxygen concentration at the grain boundaries.
Another relevant aspect in this regard is mentioned in the
work of Schlögl, who showed that in the context of methanol

oxidation the diffusion of oxygen in the bulk of silver is an
autocatalytic process involving a lattice expansion which
facilitates oxygen diffusion.29 This might also explain the
increase in reactivity at higher partial pressures of oxygen. As
observed in an earlier contribution by our group and in this
work (Figure S6 in the Supporting Information), the silver
particles significantly restructure under the influence of the
epoxidation reaction.47

An important corollary of the present data is that there is
only a small influence of the particle size on the total rate
expressed per weight of silver for typical particle sizes. As the
grain boundaries play a role in accommodating atomic oxygen
species relevant to ethylene oxidation at the external surface of
silver particles, we do not expect a significant influence of
sintering of the silver phase as long as the primary crystallite
size remains the same. We determined the silver particle size
and the crystallite size of used silver catalysts. The
corresponding data are given in Table 2. In line with our
earlier work, we observe that larger silver particles sinter during
the ethylene oxidation reaction in the absence of chlorine,
while the particle size changed to a much smaller degree in the
presence of chlorine.47 Most importantly, the crystallite size of
the silver particles did not change significantly. Additionally,
we also established by in situ XRD that the crystallite size did
not vary after prolonged exposure (60 h) under a pressure of 5
bar of O2 at 225 °C (Figure S10). The particle size growth for
the chlorine-free experiments did not lead to a decrease in the
reaction rate. These findings are in accord with our hypothesis
that the total reaction rate is not directly affected by the silver
particle size but rather by silver crystallite size. The
deactivation observed during prolonged reaction under
industrial conditions may for instance be due to a slow growth
of the primary crystallites.48

Taken together, our findings provide new insight into the
structure sensitivity of silver particles for ethylene oxidation.
Small monocrystalline silver particles show a usual decreasing
weight-based activity with particle size. Particles larger than 50
nm, however, are polycrystalline and their weight-based rate
does not decrease further with particle size. We found strong
indications that an additional pathway for oxygen activation
exists in which grain boundaries between the primary
crystallites of the silver particles are involved. We propose a
mechanism involving oxygen activation at specific sites at the
external surface, diffusion of atomic oxygen along grain
boundaries, and, as a slow step, diffusion of oxygen atoms
into the bulk of silver and reappearance at the external surface
where the oxidation reaction takes place. As demonstrated
before,19,20,49 EO selectivity strongly depends on the nature of
the oxygen species at the surface. A higher EO selectivity is
obtained at higher oxygen pressure, which can be linked to a
higher oxygen surface coverage. The presence of chlorine can
further increase the EO selectivity, likely through modification
of the electrophilicity of adsorbed oxygen species.16,21,50 We

Figure 6. Surface area normalized reaction rate as a function of time
on stream for Ag(41) (blue solid circles), Ag(106) (purple solid
circles), and Ag(167) (green solid circles) (reaction conditions: 20
bar, 225 °C, 5% C2H4, 10% O2).

Table 2. Particle and Crystallite Sizes for Fresh and Used (60 h) Silver Catalysts

fresh used 20 bar (conditions B) used 20 bar + VC (conditions A)

sample particle size (nm)a crystallite size (nm)b particle size (nm)a crystallite size (nm)b particle size (nm)a crystallite size (nm)b

Ag(41) 41 20 45 21 57 26
Ag(106) 106 30 175 24 93 32
Ag(167) 167 26 211 24 182 27

aAverage particle size determined by HAADF-STEM. bCrystallite size determined by XRD.
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observe that the EO selectivity decreases with increasing
ethylene conversion, which is most likely due to consecutive
reactions of EO on support hydroxyl sites. The way EO
selectivity changes with ethylene conversion depends on the
coverage of the support by silver. As a consequence, a catalyst
containing larger silver particles obtained by using a higher
silver loading shows a higher EO selectivity in the presence of
chlorine as well as a less pronounced decrease of EO selectivity
with increasing ethylene conversion in comparison with
catalysts with smaller particles (lower silver loading). The
important role of grain boundaries noted in this work has
already been mentioned by Goncharova et al., although their
explanation is different from ours. Schlögl and co-workers also
emphasized the role of oxygen diffusion along grain boundaries
in the context of silver-catalyzed oxidation of methanol to
formaldehyde, which is carried out at much higher temper-
ature.30

Finally, it is useful to revisit some of the older studies on the
influence of particle size. Verykios et al. observed the lowest
surface specific reaction rate for silver particles with a size of
70−80 nm. These particles had a relatively large primary
crystallite size among the samples measured. In another paper
by Lu et al., a linear increase in the activity with particle size
(up to 600 nm) was reported, similar to our work.51 The
primary crystallite size of these particles was reported to be
constant at 13 nm. In the work of Lee et al., single-crystalline
particles in the range of 20−100 nm were evaluated for
ethylene oxidation and the highest activity was found for 60
nm silver particles.10

These insights lead to the following important statements
with respect to structure sensitivity for silver-catalyzed ethylene
epoxidation. The typical silver particles used for ethylene
oxidation are larger than 10 nm and, beyond a certain size
(∼30 nm), consist of multiple silver crystallites. The total
ethylene oxidation rate is not structure sensitive, as it correlates
with the total primary crystallite surface involved in the
dissolution of oxygen atoms into bulk silver. It is reasonable to
assume that only the outer shell of crystallites in the silver
particle contributes to the surface catalysis. As there are hardly
systematic studies of the effect of primary crystallize size on
ethylene oxidation, we can only speculate that there will be a
size beyond which the rate of oxygen diffusion through the
bulk becomes limiting. The upper limit suggested by this was
confirmed by the lower than expected rate for a silver powder
consisting of relatively large particles. A higher oxygen partial
pressure leads to a higher oxygen coverage, which benefits EO
selectivity.20,49 Other factors influencing the EO selectivity are
the presence of chlorine at the surface and the concentration of
support acid sites.

■ CONCLUSIONS
In this work, we investigated the impact of particle size of the
silver phase on the ethylene oxidation reaction. We prepared
Ag/α-Al2O3 catalysts in which the average size of silver
particles varied between 20 and 200 nm. Small silver particles
with a size up to ∼40 nm are monocrystalline, their reaction
rate normalized to the external surface being independent of
size. In contrast, particles larger than 50 nm are polycrystalline
(average domain size in the 25−30 nm range) with surface-
normalized reaction rates increasing linearly with particle size.
For these larger particles, the ethylene oxidation rate expressed
per gram of silver remains nearly constant. We explain this
unusual behavior by a specific role of the bulk of the particles

and, in particular, the grain boundaries. We propose that
oxygen does not dissociate on the external surface, except for
some defect sites through which grain boundaries take up
oxygen atoms. These oxygen atoms then slowly dissolve in
bulk silver and diffuse to the external surface, where they react
with ethylene. The reaction rate normalized to the surface area
of the first outer shell of crystallites making up silver particles is
independent of the size of polycrystalline particles. We link the
higher rate observed at higher oxygen partial pressure to a
higher oxygen content of bulk silver. This also benefits EO
selectivity. Adding chlorine further improves the EO selectivity
through modification of the active oxygen surface species. The
same particle size dependences are observed at 1 bar and at 20
bar without and with chlorine added. The main finding of our
work is that for large enough particles the ethylene oxidation
rate normalized to the silver weight is independent of size. The
origin lies in the difficulty in activating molecular oxygen at the
external surface, requiring an alternative pathway involving
grain boundaries and the bulk. We speculate that the
preference for large silver particles in industrial catalysts
stems from the high silver loadings used, leading to a high
silver coverage of the α-Al2O3 support decreasing undesired
consecutive reactions of EO on its hydroxyl groups.
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