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Abstract  
Ethylene epoxidation over silver was investigated by combined in-situ X-ray photoelectron spectroscopy (XPS) and proton-transfer reaction 
mass-spectrometry (PTRMS) at temperatures from 300 to 520 K and in the pressure range from 0.07 to 1 mbar. Ethylene oxide was present 
among the reaction products at T ≥ 420 K and P ≥ 0.3 mbar. The catalytically active surface contains two oxygen species – nucleophilic and 
electrophilic oxygen. The observed correlation between the abundance of electrophilic oxygen and the yield of ethylene oxide expressed as 
C2H4O partial pressure indicates that namely this oxygen species oxidizes ethylene to ethylene oxide. Opposite trend is observed for nucleophilic 
oxygen: the higher is the abundance of this species, the lower is the yield of ethylene oxide. This result is in line with the known fact that nucleo-
philic oxygen due to its oxidic nature is active in total oxidation of ethylene to CO2 and H2O. The low activity of silver at T < 420 K is caused by 
the presence of carbonates and carbonaceous residues at the silver surface that reduce the available silver surface area for the catalytic reaction. 
Reduction of the surface area available for the formation of active species due to accumulation of the embedded oxygen species explains also the 
decrease of the rate of ethylene oxide formation with time observed for T ≥ 470 K.  
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1. Introduction  
 

The relationship between the structure of a catalyst 
and its catalytic activity has motivated many investigations 
which have applied surface-sensitive methods to study 
heterogeneous catalytic systems.  These experiments were 
focused on the chemical composition and morphology of 
catalyst surfaces, the nature of adsorbed species and reac-
tion intermediates. Most of these studies were performed 
ex-situ, i.e. not in the presence of the reaction gas mixture, 
and a-priori transfer of the results of these studies to techni-
cal catalysis is difficult due to the pressure gap problem. 
The evacuation of the reaction gas mixtures, which is usual 
step in the post-reaction analysis, can lead to the destruc-
tion of the active centers on the catalyst surface due to the 
removal of, e.g., weakly bound species or a change of the 

chemical nature of the surface constituents. As a conse-
quence, catalyst surfaces under operating catalytic condi-
tions (P > 1 mbar) can be quite different from the same 
surfaces when investigated using physical methods under 
high vacuum conditions (P < 10-6 mbar).  

Silver catalysts for ethylene epoxidation have in the 
past also mostly been studied under ex situ conditions with 
high-vacuum based surface science techniques [1-8]. Our 
own previous studies were also not free from this drawback 
[9,10]. Partly due to the absence of real in-situ investiga-
tions, the exact mechanism of this reaction is still under 
debate. Two aspects are mainly under discussion: on one 
hand the nature of the epoxidizing oxygen [1-4], and on the 
other hand the nature of the key intermediate that leads to 
the formation of ethylene oxide. Both oxametallacycle 
[11,12] and π-bonded ethylene [3,8,13] are discussed in the 
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literature, but on the basis of the currently available data it 
is difficult to determine which species (or both) is indeed 
the intermediate in the epoxidation route. Recent microki-
netic modeling investigations [14,15] allowed the elucida-
tion of some aspects of the reaction mechanism. However, 
experimental studies under in-situ conditions, which will 
provide a direct correlation between the catalytic activity 
and the surface composition, have not been performed so 
far. 

In recent years a number of techniques have been 
adapted to operate under reaction conditions (> 0.1 mbar), 
such as X-ray absorption spectroscopy (XAS) [16,17], sum 
frequency generation (SFG) [18,19], infrared absorption 
spectroscopy (IRAS) [20,21], and scanning tunneling mi-
croscopy (STM) [23,24]. However, in most cases their 
application to catalytic systems can not be considered as a 
real in-situ study, because catalytic performance could not 
be measured simultaneously with an analysis of the catalyst 
surface. This makes it difficult to correlate the nature of the 
species adsorbed on a catalyst surface with its catalytic 
activity and/or selectivity. As a consequence, the surface 
species observed even at elevated pressures can not be di-
rectly attributed to catalytically active species.  

In this paper, we present the results of simultane-
ously performed in situ X-ray photoelectron spectroscopy 
(XPS) and proton-transfer reaction mass spectrometry 
(PTRMS) experiments of the ethylene epoxidation over 
silver. Due to its versatility and sensitivity to the chemical 
state of an element, XPS is one of the most powerful meth-
ods for studying the surface of heterogeneous catalysts. In-
situ XPS has been used in the past to study catalysts under 
reaction conditions at pressures of up to 2 mbar [24-29]. 
We have measured the yield of ethylene oxide using 
PTRMS. A detailed description of PTRMS can be found in 
Ref. 30. In brief, the ionization of gas phase molecules for 
the subsequent mass spectrometric analysis proceeds via 
the transfer of protons from H3O+ ions, which are generated 
in a special source, to the analyzed substance. As a conse-
quence, the method deals with a molecular ion, which has a 
greater mass (plus one proton) than the ion in the routine 
mass-spectrometric analysis. Only those ions with a higher 
proton affinity than H2O will contribute to the PTRMS 
spectrum. This ionization method does less fragment the 
analyzed molecules, which simplifies the analysis of mass 
spectra. Another advantage of PTRMS is its high sensitiv-
ity to organic molecules, such as ethylene and ethylene 
oxide.  

We have studied the ethylene epoxidation over silver 
in the temperature range from 300 to 520 K and under 
varying total pressures and ethylene-to-oxygen mixing 
ratios.  Our combined PTRMS and in situ XPS experiments 
show that the composition of the oxygen overlayer on a 
silver surface correlates with the yield of ethylene oxide. 
Based on these data we discuss a reaction mechanism for 
the ethylene epoxidation over silver.  
 
 

Experimental 
 

The experiments were performed at beam line 
U49/2-PGM1 at BESSY in Berlin [31]. The prototype of 
the XPS instrument was described earlier [28-29]. The key 
feature of this apparatus is an electrostatic lens system that 
focuses the electrons that are emitted by the sample (which 
is in a pressure of up to several mbar) into the focal plane 
of a hemispherical analyzer, which is situated downstream, 
in the high-vacuum region.  The overall spectral resolution 
in our measurements was better than 0.3 eV, calibrated by 
Ar2p gas phase spectra. All spectra were normalized to the 
incident photon flux, which was measured with a photodi-
ode of known quantum efficiency. The binding energies 
were calibrated against the Fermi edge of the sample. The 
incident photon energies in the measurements were 850 eV 
for O1s, 700 eV for Ag 3d, and 610 eV for C1s, which 
results in similar electron kinetic energies of ~ 225 eV and 
therefore a similar probing depth in the O1s, Ag3d, and C1s 
measurements. These kinetic energies correspond to inelas-
tic mean free path lengths of the photoelectrons in a solid 
of about 10 Å. Since the electrons were detected under an 
angle of 55 deg to the surface normal, the effective probing 
depth in our experiments was even smaller.   

The ethylene and oxygen flows into the experimental 
cell were regulated with calibrated mass flow controllers. 
The overall ethylene and oxygen pressure in the experimen-
tal cell was varied from 0.071 to 1.05 mbar, and the ratio of 
C2H4:O2 partial pressures from about 1:10 to 1:1. Mass 
spectra were measured using a PTRMS produced by Ioni-
con Analytik (Austria). The ethylene pressure was moni-
tored at m/z = 29 (C2H4 plus H+), while the ethylene oxide 
pressure was monitored at m/z = 45 (C2H4O plus H+). Due 
to its low proton affinity, CO2 did not contribute to the 
PTRMS signal at m/z = 45.  This was confirmed by the 
absence of a PTRMS signal at m/z = 45 in a blank experi-
ment when 0.1 mbar CO2 was admitted to the gas cell. As a 
consequence, carbon dioxide was not measured in our ex-
periments.  

Since in our setup the PTRMS is connected to the re-
action chamber via a capillary and a leak valve, which lead 
to an essential drop of the pressures between the reaction 
cell and mass-spectrometer, PTRMS signals measured ex-
perimentally reflect the concentrations of gas phase mole-
cules inside the mass-spectrometer, but not in the reaction 
volume. Moreover, the gas flow to the PTRMS was regu-
lated by the leak valve that was necessary to avoid the 
overloading of the PTRMS signal. Normal operation of the 
PTRMS is possible if the concentration of the analyzed gas 
does not exceed 70000-80000 ppb. Consequently, the abso-
lute values of the PTRMS signals were determined both by 
the pressure in the gas cell and by the pressure drop from 
the reactor to the mass spectrometer, which can be different 
for different experiments. The value of the pressure drop 
(A) was determined by comparison of the PTRMS signal of 
ethylene (C(Et)) with its partial pressure (P(Et)) measured 
in reaction cell using Baratron vacuum gauge: 
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Ai(Et) = Pi(Et)/Ci(Et),                                          (1) 
 
where index i means the different experiments. The choice 
of ethylene as calibrating gas is explained by two reasons. 
First, PTRMS is sensitive to ethylene, i.e. its proton affinity 
is higher than that of H3O+, and second, PTRMS signal of 
ethylene was almost stable in one experiment due to low 
conversion of ethylene under the reaction conditions used 
(see below). The latter allowed us to check the calibration 
from time to time. The linearity of the dependence (1) was 
checked in blank experiment when ethylene partial pressure 
was varied from 0.02 to 0.1 mbar. The measured PTRMS 
signal was varied from 11000 to about 54000 ppb that 
demonstrates the quantitative correspondence of the values 
of PTRMS signals and partial pressures in the reaction cell.  

To recalibrate the PTRMS signals of ethylene oxide 
to the corresponding values of partial pressures the follow-
ing equation was used:   

 
Pi(EtO) = Ci(EtO)/Ci(Et) × Pi(Et) = Ci(EtO) × Ai(Et).      (2) 
 

This equation suggests that ethylene oxide exhibits 
the same (or similar) proton affinity as ethylene. In general 
case, the proton affinities of ethylene and ethylene oxide or 
their probabilities to react with H3O+ could be quite differ-
ent. This difference in proton affinities can be taken into 
account by simple introduction to the equation (2) of some 
coefficient which is equal to the ratio of proton affinities 
(PA) and normalizes the calculated partial pressure of eth-
ylene oxide (Pcalc) to the real one (Preal): 

 
Preal,i(EtO) = Pcalc,i(EtO) × k = Pcalc,i(EtO) × 

PA(C2H4)/PA(C2H4O).                                           (3) 
 
However, this coefficient must be identical for dif-

ferent experiments. Then, the neglect by k will result in 
absolute, but not relative error. Consequently, this will not 
affect the comparison of the results of experiments per-
formed under different conditions. 

The sample was a polycrystalline Ag foil (99.99% 
purity) mounted on a temperature-controlled heating stage. 
The sample was cleaned by the standard cleaning proce-
dure: Ar+ sputtering, annealing in 10 mbar of O2 at 570 K, 
and flashing up to 800 K in vacuum [1-7]. Due to the resid-
ual gas pressure of 10-8 mbar in our chamber, the sample at 
room temperature was always covered by some hydrocar-
bon contaminants. However, when the sample was heated 
to > 420 K in the reaction mixture (or in pure O2), this con-
tamination vanished. Other impurities were not observed 
after the cleaning procedure within the XPS sensitivity 
limit. The sample temperature was measured with an alu-
mel-chromel thermocouple attached directly to the backside 
of the sample. 
 
 
 
 

 

Results 
 

Fig. 1 shows the PTRMS signals of ethylene and 
ethylene oxide recalibrated to the pressure units (see Ex-
perimental) as a function of temperature and time  Two sets 
of conditions were applied in these experiments: (a) 
P(C2H4) = 0.1 mbar, P(O2) = 0.25 mbar; and (b) P(C2H4) = 
0.24 mbar, P(O2) = 0.25 mbar. The last parts of the curves 
were measured at T = 470 K (a) and 520 K (b), respec-
tively, after stopping the oxygen flow. While the ethylene 
signal does not vary for the duration of the experiment (i.e. 
for more than 5 hours), the PTRMS signal from ethylene 
oxide increases with temperature. After stopping the O2 
flow the PTRMS signal of ethylene oxide decreases rapidly 
to the background level. These results indicate that in the 
millibar pressure range and at T ≥ 420 K ethylene oxide is 
formed as a result of ethylene epoxidation over silver. This 
conclusion is also confirmed by data from a blank experi-
ment, which shows that the temperature-controlled heating 
stage (heater and power wires) in the absence of the silver 
does not produce ethylene oxide in the temperature range 
that was investigated in our experiments (300 – 600 K). 
From Fig 1 it is obvious that with increasing catalyst tem-
perature the catalytic activity of silver in the ethylene ep-
oxidation is increased. This trend has been earlier reported 
by Campbell [1-2]. From the PTRMS data it also follows 
that the catalytic activity is constant at 420 K, while it de-
creases with time at 470 K and at higher temperatures. This 
observation points to a deactivation of the catalyst at T ≥ 
470 K.  
The permanency of the PTRMS signal from ethylene is due 
to the low conversion of ethylene to ethylene oxide in our 
experiments. The PTRMS signals from C2H4 are higher 
than the signals from C2H4O by a factor of 25-50, 
 

 
 
Figure 1: Variation of the PTRMS signals from ethylene and 
ethylene oxide with temperature, measured in reaction mixtures of 
(a) P(C2H4) = 0.1 mbar, P(O2) = 0.25 mbar; (b) P(C2H4) = 0.24 
mbar, P(O2) = 0.25 mbar. The last parts of the curves were meas-
ured after stopping the oxygen flow. PTRMS signals were con-
verted to the partial pressures in reaction cell (see Experimental). 
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Figure 2: O1s (a) and C1s (b) spectra measured in-situ under the reaction mixture flow at P(C2H4) = 0.1 mbar, P(O2) = 0.25 mbar and at various 
temperatures: 1 – 370 K, 2 – 420 K, 3 – 470 K. Spectrum (4) was measured at 470 K after the oxygen flow was stopped. The difference spectrum 
between the measurements in the reaction mixture and in pure ethylene (3-4) shows peaks that exist on the surface only under reaction conditions. 
 
 
and therefore the variations of the ethylene pressure due to 
its conversion to ethylene oxide are within the noise level 
of the C2H4 signal.  

The O1s and C1s spectra measured in situ simultane-
ously with the PTRMS data in Fig. 1a (P(C2H4)=0.1 mbar, 
P(O2)=0.25 mbar) are shown in Fig. 2. All O1s spectra 
were normalized to the integrated intensity of the Ag3d5/2 
peak. The spectra change strongly with temperature. At 370 
K, the silver surface was characterized by a single O1s 
peak at 530.5 eV and three C1s peaks at 284.2, 285.8 and 
287.3 eV (Fig. 2, curves 1). Heating the sample to 420 K 
changes the spectra completely. At this temperature, the 
O1s spectrum exhibits a main peak at 530.0 eV with a 
shoulder at about 528.5 eV, while the C1s spectrum exhib-
its two separate narrow peaks at 285.8 and 287.9 eV (Fig. 
2, curves 2). Upon further increase of the temperature to 
470 K the C1s peak at 287.9 eV disappears (Fig. 2b, curve 
3). The complex shape of the O1s spectrum measured at 
this temperature suggests that more than two peaks are 
present in this spectrum (Fig. 2a, curve 3). The O1s spec-
trum measured after stopping the O2 flow exhibits two 
peaks at 529.1 and 530.6 eV (Fig. 2a, curve 4). The differ-
ence spectrum of the O1s spectra measured at 470 K in the 
reaction mixture and in pure ethylene (Fig. 2a, curve 3-4) 
shows two O1s peaks which are absent in the spectrum 
taken in pure ethylene. These peaks have the same binding 
energies of 528.5 and 530.0 eV as the features observed in 
the spectrum at 420 K.  

In spite of the apparent complexity of this picture of 
the XPS spectra transformations, numerous literature data 
published earlier [1-12,32-36] allows us to attribute all XPS 

signals to surface and gas phase species. Although gas 
phase molecules do not contribute to XPS spectra under 
UHV conditions, at elevated pressure of in-situ experiments 
their concentration in the volume over the sample surface 
irradiated by the incident X-ray beam can become compa-
rable with the concentration of surface species. And indeed, 
as shown by us earlier, measurable gas phase XPS signals 
appeared in similar experiments when pressure exceeds 
0.05 mbar [6,27-28]. Gas phase molecules, however, ex-
hibit generally narrower XPS lines than surface species. 
This suggests that C1s features at 285.8 and 287.9 eV 
originates from gas phase species. Assignment of these C1s 
features to gas phase molecules can be made if one takes 
into account the composition of the gas phase in the studied 
system. The signal at 285.7 eV is most likely due to gas 
phase ethylene. A permanency of its intensity after stop-
ping of oxygen flow is additional argument in a favor of 
this assignment. From the BE of the other C1s peak (287.9 
eV) we can conclude that it is due to gas phase ethylene 
oxide which has a BE that is 2 eV higher than that of gase-
ous ethylene [37]. This assignment requires additional dis-
cussion, since relatively high XPS intensity attributed to 
C2H4O is in apparent contradiction to the low intensity of 
its PTRMS signal (Fig .1). This contradiction between XPS 
and MS data can be explained due to diffusion limitations 
of ethylene oxide in the gas phase at 420 K. After it is pro-
duced at the silver surface, it might accumulate in the vol-
ume above the sample surface where the gas phase is 
probed by XPS. Disappearance of this signal at T = 470 K 
can be explained by the reduction of the viscosity of gas 
phase at higher temperature that would reduce the diffusion 
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Table 1: Assignment of the C1s and O1s peaks to surface species observed during ethylene epoxidation over silver. Binding energies are given in 
eV. 

Surface species O1s BE C1s BE Temperature range  
of observation 

References 

Carbon contaminants - 284.2 T < 420 K 6 

Surface carbonates 530.5 287.3 T < 420 K 6,31-34 

Nucleophilic oxygen 528.3 - T ≥ 420 K 7,9,10,32,33 

Electrophilic oxygen 530.0 - T ≥ 420 K 7,9,10,42,43 

Oγ 529.1 - T ≥ 470 K 44,45 

Embedded oxygen 530.6 - T ≥ 470 K 44 

 
 
limitation. Since this explanation is not completely con-
vincing, we made reference measurement when individual 
flows of pure ethylene oxide and other possible products 
were loaded to the gas cell of our spectrometer. It has been 
shown that only ethylene oxide exhibits similar binding 
energy values. Other possible products which could be a 
reason of this gas phase signal (CO, CO2) exhibit higher 
BE values. It has been also observed that acetaldehyde, 
which is often considered as a main intermediate in the 
route of ethylene oxide combustion [3-5], is characterized 
by two different features in the C1s spectrum originating 
from nonequivalent carbon atoms in CH3-CH2=O . All 
these data are in full agreement with literature [37]. XPS 
observation of gas phase ethylene oxide is of great signifi-
cance since it allows an unambiguous identification of the 
PTRMS signal at m/z = 45 (fig.1) as ethylene oxide, but not 
as acetaldehyde. Technically, these isomers exhibit very 
similar mass spectra [38].  

The assignments of other C1s and O1s features ob-
served in our experiments are summarized in Table 1. Ad-
ditional criterion, which reinforced the assignment, was the 
temperature range in which they occurred. For example, 
assignment of an O1s feature at ~ 530.5 eV and a C1s fea-
ture at ~ 287.5 eV observed at T = 370 K to surface car-
bonates, CO3,ads [6,32-35], was based not only on the BE 
values, but also on their stability on silver surfaces at ambi-
ent temperatures only. At 420 K, carbonates decompose to 
adsorbed oxygen and CO2, which desorbs from the surface 
[6,31-34]. As a consequence, the corresponding features 
disappear from the XPS spectra. Closeness of the O/C 
atomic ratio calculated from the corresponding XPS peak 
intensities (2.8 – 2.9) to the stoichiometric one (3.0) con-
firms additionally this assignment. Due to its low binding 
energy, the additional C1s peak at 284.2 eV observed in the 
same temperature range (< 420 K) can be assigned to car-
bonaceous residues. The accumulation of carbon-
containing contaminants of different nature (graphitic car-
bon, hydrocarbons, etc.) on silver surfaces at ambient tem-
peratures is also a well known fact. 

The absence of C1s features from surface species 
suggests that the O1s signals observed at 420 K and above 
are caused by oxygen species. According to our previous 
investigations [7,9,10], binding energies of 528.5 and 530.0 
eV are indicative of two oxygen species, nucleophilic and 
electrophilic oxygen, respectively. The terms nucleophilic 
and electrophilic oxygen were introduced by Grant and 
Lambert [3] to designate the nature of the interaction of 
oxygen with ethylene. The nucleophilic oxygen is active in 
the nucleophilic attack of the C-H bond, as the first step of 
C2H4 combustion [3,39], whereas electrophilic oxygen 
participates in the electrophilic interaction with the C=C 
double bond of ethylene [3]. A detailed comprehensive 
study of the nature of these atomic oxygen species by XPS, 
XAS, UPS and XANES can be found in our recent papers 
[9,10]. Briefly, nucleophilic oxygen has oxidic nature and 
is formed as result of silver surface reconstruction [9,10,32-
35] in the course of oxygen adsorption, while electrophilic 
oxygen is adsorbed on the silver surface without recon-
struction. Electrophilic oxygen was identified as adsorbed 
oxygen by Rocca et al. using HREELS [40,41] and Bukhti-
yarov et al. using angle-dependent XPS [42] on the basis of 
room-temperature experiments on O2 adsorption at Ag(100) 
and Ag(111) single crystals surfaces. This oxygen species 
was also found by King et al. as a low-coverage phase (Θ < 
0.25) in recent STM investigations [43,44]. 

The binding energy of the feature at ~ 529.0 eV is 
close to that of the so-called Oγ oxygen, which has been 
extensively studied by Schlögl et al. [45,46]. This species 
represents strongly bound atomic oxygen embedded in the 
outer layers of silver, with oxygen atoms occupying part of 
the silver positions in the silver crystal lattice. The peak at 
530.5 eV can be assigned to subsurface oxygen embedded 
in octahedral holes or Oβ in our old classification [45]. The 
location of these oxygen species in the subsurface region is 
in line with its inactivity towards ethylene.  

Fig. 3 shows O1s and C1s spectra from the polycrys-
talline silver foil measured in-situ at 420 K, with P(O2) = 
0.33 mbar and various ethylene partial pressures: 0; 0.03; 
0.1; and 0.24 mbar. The spectra measured in UHV before 
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Figure 3: O1s (a) and C1s (b) spectra measured in-situ in the reaction mixture at 420 K, P(O2) = 0.33 mbar and various P(C2H4): 2 – 0 mbar 
(pure O2); 3 – 0.03 mbar (1:10); 4 – 0.1 mbar (1:3); 5 – 0.24 mbar (1:1). The spectra from initial, “clean” silver surface measured in UHV (1) are 
also shown for comparison. 
 
the experiments in the reaction mixtures are also shown for 
comparison. The initial silver surface measured in UHV 
was free from oxygen, but contained some carbonaceous 
residues (Fig. 3, curves 1). When oxygen is admitted to the 
chamber, the carbon contamination is removed and nucleo-
philic oxygen (BE = 528.3 eV) is formed on the silver sur-
face. (Fig. 3, curves 2). Introduction of ethylene to the gas 
flow transforms the spectra. Even the smallest partial pres-
sure of ethylene (P(C2H4)/P(O2) = 1:10) reduces the O1s 
signal from nucleophilic oxygen and leads to the appear-
ance of a new peak at 530.0 eV (Fig. 3a, curve 3) which is 
due to electrophilic oxygen, as discussed above.  An in-
crease in the partial pressure of ethylene up to 
P(C2H4)/P(O2) = 1:3 and further to 1:1 leads to a reduction 
of the surface concentration of the nucleophilic oxygen and 
an increase in the coverage by the electrophilic oxygen. 
Signals from gas phase ethylene (285.8 eV) and ethylene 
oxide (287.9 eV) are observed in the C1s spectra for all 
partial pressures of ethylene (Fig. 3b, curves 3 to 5). The 
intensity of the peak at BE = 285.8 eV is increased with 
raising C2H4 pressure, confirming the assignment of this 
peak to gas phase ethylene. 

Ag3d5/2 spectra measured simultaneously with the 
O1s and C1s spectra in Fig. 3 are shown in Fig. 4. The 
spectrum measured in vacuum before the experiments in 
the reaction mixtures is also shown (Fig.4, curve 1). We 
have used this spectrum for comparison with the Ag3d5/2 
spectra taken in-situ; for comparison the UHV Ag3d5/2 
spectrum is shown with open circles together with the in-
situ spectra. The formation of nucleophilic oxygen upon 
introduction of oxygen at 420 K broadens the Ag3d5/2 spec-
trum as compared to the spectrum taken in UHV (Fig.4,  

 
 
Figure 4: Ag3d5/2 spectra measured in-situ under the reaction 
mixture flow at 420 K, P(O2) = 0.33 mbar and various P(C2H4): 2 – 
0 mbar (O2); 3 – 0.03 mbar (1:10); 3 – 0.1 mbar (1:3); 4 – 0.24 
mbar (1:1). The spectrum measured from initial, “clean” silver 
surface measured in UHV is shown as curve 1. For direct compari-
son with the spectra measured under reaction conditions it is plot-
ted several times as open circles. Difference spectrum (full circles) 
between measurements in pure O2 (2) and in UHV (1) shows the 
Ag3d5/2 component associated with nucleophilic oxygen. 
 
 
curve 2). The difference spectrum (full circles) shows that 
this broadening is due to the appearance of a new feature at 
367.65 eV. This feature is a clear indicator of silver ions 
Agδ+ [7,10,43,44,47]. Using XPS signals from the nucleo-
philic oxygen (Fig. 3a) and from ionic silver (Fig. 4, differ-
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ence spectrum), we calculated the O/Ag atomic ratio, which 
was close to 0.5. This value indicates that one species of 
nucleophilic oxygen produces two silver ions. This sug-
gests the formation of an Ag2O surface oxide.  

Adding 0.03 mbar ethylene to the oxygen flow re-
duces both the O1s intensity at 528.3 eV (Fig. 3a, curve 3) 
and the Ag3d5/2 intensity at 367.6 eV (Fig. 4, curve 3) so 
that the O/Ag atomic ratio of the nucleophilic oxygen to 
ionic silver remains constant. This is also valid for the reac-
tion mixtures with 0.1 and 0.24 mbar of ethylene (Figs. 3a 
and 4, curves 4 and 5). These results indicate that there is a 
correlation between the amount of Agδ+ ions and the con-
centration of nucleophilic oxygen. 
 
 
Discussion 
 

The results presented in the previous section showed 
that using in-situ XPS we have characterized the chemical 
composition of a catalytically active silver surface during 
ethylene epoxidation. It should be noted that similar 
PTRMS data have been obtained in the absence of X-rays 
indicating the absence of beam-induced effects on catalytic 
properties of the silver. A simple comparison of the cata-
lytic (Fig. 1a) and spectroscopic (Fig. 2) data allows us to 
propose a preliminary explanation for the temperature-
induced variation of the catalytic properties of silver. The 
low activity of silver at T < 420 K is caused mainly by the 
presence of carbonates and carbonaceous residues at the 
silver surface that reduce the available silver surface area 
for the catalytic reaction. When those contaminations are 
removed from the surface at T = 420 K, the silver surface 
becomes catalytically active for ethylene oxide formation 
(see Fig. 1a). The presence of nucleophilic and electrophilic 
oxygen at the active silver surface suggests that they par-
ticipate in the ethylene oxidation reaction. The enhance-
ment of the ethylene oxide yield at T > 420 K is most likely 
determined by the Arrhenius dependence of the reaction 
rate on temperature. The decrease of the rate of ethylene 
oxide formation with time observed for T ≥ 470 K can be 
explained by the accumulation of embedded oxygen spe-
cies at the silver surface which decrease the surface area 
that is available for the formation of the active species. 
Nucleophilic and electrophilic oxygen, which were the 
main species at 420 K, are still present on the silver surface 
at 470 K; however, they are rapidly removed in the absence 
of oxygen in the gas phase (see the difference spectrum in 
Fig. 2a). These observations confirm the reactivity of nu-
cleophilic and electrophilic oxygen species towards ethyl-
ene. 

In order to elucidate the role of these species in the 
mechanisms of ethylene epoxidation, a quantitative com-
parison of the XPS and MS data is necessary. As quantita-
tive measure of the surface concentration of oxygen species 
the intensity of the corresponding O1s peak normalized to  

 
 
Figure 5: The yield of ethylene oxide as a function of the abun-
dance of the nucleophilic (open symbols) and the electrophilic (full 
symbols) oxygen. All measurements were performed at 420 K and 
at various partial pressures of oxygen and ethylene (see the text). 
 
 
the Ag3d5/2 intensity was used. The normalization was 
necessary to take into account the effect of attenuation of 
the photoelectrons in the gas phase which is quite sensitive 
to the pressure in the millibar range. Since the kinetic ener-
gies of Ag3d5/2 and O1s photoelectrons during measure-
ment were the same (see Experimental), so their attenuation 
in gas phase should be also similar. Consequently, the 
O1s/Ag3d5/2 atomic ratios should not depend on pressure of 
the gas phase. The yield of ethylene oxide was expressed as 
partial pressure of ethylene oxide recalibrated from 
PTRMS signals in accordance with the procedure described 
in Experimental. A comparison of the C2H4O yield with the 
abundance of nucleophilic and electrophilic oxygen for the 
experiments at 420 K is shown in Fig. 5. One can see a 
clear correlation between the abundance of the electrophilic 
oxygen and the yield of C2H4O: the higher the O1s/Ag3d5/2 
atomic ratio for this oxygen, the higher the partial pressure 
of ethylene oxide. This dependence is easily approximated 
by a straight line which aspires to point of origin. The re-
vealed linear correlation can be interpreted as participation 
of the electrophilic oxygen in production of ethylene oxide. 
This conclusion is in full agreement with the results of our 
previous experiments on monitoring of the isotope compo-
sition of CO2 and C2H4O produced as temperature pro-
grammed reaction (TPR) of ethylene coadsorbed with the 
isotopically labeled oxygen species: electrophilic oxygen 
was prepared with 16O2 and nucleophilic oxygen – with 
18O2 [48]. It has been shown that only electrophilic oxygen 
labeled as 16O interacts with ethylene resulting in C2H4

16O, 
while no signal from C2H4

18O was observed in TPR spec-
tra. 

A more complicated dependence of ethylene oxide 
yield versus of the oxygen abundance is observed for the 
nucleophilic oxygen (fig.5). Although different ethylene 
oxide yields (0.0013 and < 10-5 mbar) can correspond to 
similar abundances of nucleophilic oxygen 
(I(O1s)/I(Ag3d5/2) ~ 0.02, general trend is a reduction of  
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Figure 6: The yield of ethylene oxide as a function of the abun-
dance of the electrophilic oxygen measured at different tempera-
tures: 420 K (circles) and 470 K (squares). 
 
 
the yield of ethylene oxide if the surface concentration of 
the nucleophilic oxygen is raised. This result can be ex-
plained by earlier reported activity of nucleophilic oxygen 
in total oxidation of ethylene only. Indeed, all attempts to 
produce ethylene oxide via titration of nucleophilic oxygen 
with ethylene have been unsuccessful [7,33-35]. CO2 and 
water were the only products of such a titration. Moreover, 
already mentioned isotope experiments [48] have shown 
that 18Onucl incorporates to C18O2, but not to C2H4

18O.   
Although the presence of embedded oxygen species 

at 470 K reduced the accuracy of determination of concen-
trations of the surface species, we tried to plot the same 
dependence of ethylene oxide yield on abundance of elec-
trophilic oxygen measured at T = 470 K. Fig.6 compares 
this dependence with that measured at 420 K. One can see 
that again there is the linear correlation between catalytic 
properties of silver in ethylene oxide production and the 
abundance of electrophilic oxygen: 

 
Wepox = AT × Θ(Oelec),                                          (4) 
 
where AT is the coefficient of proportionality; index 

T reflects the variation of A with temperature. This result is 
an additional argument in favor of our hypothesis that 
namely this oxygen species epoxidizes ethylene. Other 
observation, which follows from Fig.6, is the fact that in-
crease in temperature enhances the slope of the correlation 
observed. The ratio of the slopes determined at 470 and 420 
K (A470/A420) is equal to 5.85.  

Since the measure of the rate of ethylene epoxidation 
(Wepox) is the EtO partial pressure in the reaction cell and A 
is proportional to the reaction constant, so the variation of 
the slopes of the observed correlations with temperature 
can be used for estimation of activation energy of the ethyl-
ene epoxidation: 

 
P(C2H4O)Ti ~ k0 × exp(-Ea/RTi) × Θ(Oelec)Ti            (5) 
 

where k0 is the pre-exponential factor, Ti is the tem-
perature at which the dependence of ethylene oxide yield 

versus coverage of electrophilic oxygen is determined. 
Consequently, the slope of the dependence of P(C2H4O) vs 
Θ(Oelec) will be in direct proportion to exp(-Ea/RT). Then, 
the ratio of the slopes can be expressed as: 

 

))
420
1

470
1(exp(

420

470 −×−= RE
A
A

a
.            (6) 

 
This equation can be transformed for the determina-

tion of activation energy: 
 

)
470
1

420
1()/ln( 420470 −×= RAAEa

.                 (7) 

 
Using this equation and known ratio of A470/A420 we 

calculated the activation energy which appeared to be equal 
to 14 kcal/mol. 

Similar estimation of the activation energy can be 
made for higher temperature range: from 470 to 520 K. 
Experimental basis for this estimation is the results of ex-
periment for which the PTRMS signals are shown in Fig. 
1b. O1s spectra measured sequentially at 520 K reveal that 
a decrease of the partial pressure of ethylene oxide from 
0.0069 to 0.0054 (Fig. 1b) due to deactivation is accompa-
nied by a decrease in the abundance of the electrophilic 
oxygen from I(O1s)/I(Ag3d5/2) = 0.0027 to 0.0018. If we 
plot these points in the same manner as two previous de-
pendences and use point of origin as third point, we obtain 
again a good correlation between the ethylene oxide yield 
and the abundance of electrophilic oxygen. Linear anamor-
phosis of the 520 K dependence results in a line with slope 
which is 3.18 times higher than the slope at 470 K. The 
introduction of this value of A520/A470 to the following 
equation: 

)
520
1

470
1()/ln( 470520 −×= RAAEa

                (8) 

 
leads to the activation energy value of 11.3 kcal/mol.   

Both the values are in very good agreement with ac-
tivation energy values reported in literature for surface 
science experiments of ethylene epoxidation over bulk 
silver samples. For example, the value of 10.8 kcal/mol was 
determined by Grant and Lambert as activation energy of 
epoxidation pathway for Ag(111) at 500 K [3], whereas 
Campbell reported 17.3 kcal/mol for the same single crystal 
at 440 K [2]. More detailed analysis of the activation en-
ergy of ethylene epoxidation has been made by Stegelmann 
et al [14] using the microkinetic model developed by au-
thors on the basis of surface science experiments. The au-
thors have concluded that activation energy varies as a 
function of reaction conditions: raising the temperature and 
reducing the total pressure decreases the activation energy. 
These effects are due to an increasing number of free sites 
on silver surface accessible for the reaction. They calcu-
lated the variation of activation energy with temperature for 
high (close to industrial) and low (typical for surface sci-
ence papers) pressures. Comparison of the activation en-
ergy values determined in our experiments, 58 and 47 kJ 
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per mole, indicates their good agreement with the values 
taken from the Stegelman’s paper for low pressure curve 
[14]: 64 kJ/mol for 450 K and 48 kJ/mol for 500 K, respec-
tively. All these data evidence again that namely the elec-
trophilic oxygen epoxidizes ethylene to ethylene oxide.  

 In general, many statements of the microkinetic 
model developed in Stegelman’s papers [14,15,49] are in 
good agreement with the data obtained in the present paper 
which can serve as experimental basis of the model. The 
main idea of the model is that epoxidation and combustion 
go through common intermediate (oxametallacycle) as 
suggested by Campbell et al [1,2] and Barteau [11,12]. 
Oxametallacycle, which is produced in reaction of ethylene 
and electrophilic oxygen, can branch to ethylene oxide and 
to acetaldehyde. In the presence of oxygen acetaldehyde 
combusts rapidly to CO2 and H2O. CO2 is also produced 
through a parallel pathway, presumably due to interaction 
of ethylene with nucleophilic oxygen.  

Our experiments prove that the silver surface, which 
is active in ethylene epoxidation, really contains two types 
of oxygen species: nucleophilic and electrophilic oxygen 
with different O1s binding energy values. Namely abun-
dance of the electrophilic oxygen (Eb(O1s) = 530.0 – 530.2 
eV) correlates with the yield of ethylene oxide. This result 
indicates unambiguously that this oxygen species epoxi-
dizes ethylene to ethylene oxide. Unfortunately, insensitiv-
ity of PTRMS to CO2 did not allow us to measure the yield 
of CO2 and compare it with the abundance of electrophilic 
oxygen. Consequently, we could not check the idea that the 
same reaction intermediate produced as result of interaction 
of ethylene with electrophilic oxygen can leads to CO2 
formation.  

It should however noted that our previous isotope 
experiments published in [48] showed that the formation of 
C16O2 occurs together with C2H4

16O as result of TPR reac-
tion of ethylene with silver surface precovered with iso-
topically labeled oxygen layer – 18Onucl and 16Oelec. At that 
time we could not explain this result. But it becomes easy 
understandable if the same reaction intermediates could 
provide both epoxidation and combustion of ethylene. Un-
fortunately, the conditions (T > 400 K and P < 1 mbar) 
studied in the present work did not allow us to observe any 
reaction intermediates and we could not prove the existence 
of oxametallacycle under the reaction conditions. 

At the same time, we could show that nucleophilic 
oxygen or surface oxide (528.2 – 528.5 eV), which is also 
produced on the silver surface under the reaction conditions 
studied, is active in total oxidation probably via parallel 
route. This means that this oxygen species, which has been 
studied many, many times in the past, has no direct concern 
to the ethylene epoxidation. Its possible role, proposed also 
in our previous papers [7,10-11,48], could be a creation of 
Agδ+ sites for the adsorption of ethylene [50] that then can 
react with electrophilic oxygen to ethylene oxide in the 
reaction: 

 
Oelec + C2H4,ads → C2H4O.           (9) 
 

The preferential adsorption of ethylene on Agδ+ ions 
has been recently suggested by Bocquet et al. [51], who 
studied sequential adsorption of oxygen and ethylene on 
Ag(111) using STM and DFT calculations. The correlation 
of the ionic silver and the nucleophilic oxygen was also 
observed in our XPS experiments (see Figs. 3a and 4). This 
consideration suggests that nucleophilic oxygen is not in-
volved in epoxidation step, but simply counts the number 
of active sites. Stegelmann et al [14] have concluded that 
ethylene can adsorb both on surface oxide and on metallic 
silver. However, they also have shown that the contribution 
of the latter route of ethylene adsorption is much less im-
portant in mbar pressure range than the route in the pres-
ence of surface oxide [15].  

The main discrepancy between the present work and 
the microkinetic model developed in [14,15,49] is an inter-
relation between electrophilic and nucleophilic oxygen. 
Stegelman et al have proposed that electrophilic oxygen 
adsorbs on the surface oxide, in that way competing with 
ethylene for the surface sites. At the same time, our ex-
periment at 420 K (fig.3) shows that increase of ethylene 
pressure in the C2H4 + O2 reaction mixture replaces the 
nucleophilic oxygen with the electrophilic one. This result 
suggests that both nucleophilic and electrophilic oxygen are 
produced on metallic silver sites. This makes it difficult to 
explain which peculiarities of oxygen-silver bonding pro-
vide the formation of electrophilic oxygen. To clarify this 
problem the structure of its adsorption complex must be 
studied using such structural methods as scanning tunneling 
microscopy or photoelectron diffraction. It is evident that 
single crystal surfaces should be used as objects for such a 
study.  

It should be however noted that that this study should 
be performed under the reaction conditions when mixture 
of ethylene with oxygen is interacted with silver. Indeed, 
high vacuum conditions will transform the oxygen over-
layer. On the other hand, pure O2, which has been used and 
continues to be used in many investigations [ ] to form the 
oxygen overlayers, will result in formation of nucleophilic 
oxygen. However, as shown in the present study this oxy-
gen species has no direct role in epoxidation of ethylene, 
and consequently any specification of its structure will have 
pure academic interest. Moreover, the study of electrophilic 
oxygen which is the species epoxidizing ethylene, will 
require in-situ measurements in millibar pressure range (P 
> 0.2 – 0.3 mbar). In our low pressure experiment carried 
out at Ptotal = 0.071 mbar, electrophilic oxygen was not 
observed in O1s spectra, although nucleophilic oxygen was 
produced with measurable abundance: I(O1s)/I(Ag3d5/2) = 
0.0021. In full agreement with low concentration of elec-
trophilic oxygen (less than the XPS sensitivity limit), no 
PTRMS signal from ethylene oxide was not observed at 
this pressure (see points in Fig.5 with zero activity).  
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Summary 
 

We have performed first combined in situ XPS and 
PTRMS experiments of an active silver surface during the 
catalytic epoxidation of ethylene to ethylene oxide. Ethyl-
ene oxide was observed among the reaction products at T ≥ 
420 K and P ≥ 0.3 mbar. The comparison of the chemical 
composition of the silver surface taken from in-situ XPS 
measurements with the mass spectrometry data showed a 
correlation between the yield of ethylene oxide and the 
abundance of electrophilic oxygen characterized by 
Eb(O1s) = 530 – 530.2 eV. The correlation, which was 
observed both for 420 and for 470 K and was explained by 
participation of the electrophilic oxygen in ethylene epoxi-
dation. The second surface oxygen species, nucleophilic 
oxygen (528.2 – 528.4 eV), is active in ethylene combus-
tion. Accumulation of other species at T ≤ 370 K (carbon-
ates, carbonaceous species) and at T ≥ 470 K (embedded Oγ 
and Oβ oxygen species) reduces the available silver surface 

area for the catalytic reaction and deactivates the silver 
catalyst.  

Our experiments also show that the chemical compo-
sition of the active silver surface under reaction conditions 
is different from the chemical composition that is measured 
when only one reagent is present in the gas phase, or when 
the surface is measured under vacuum conditions. Both 
active oxygen species disappear from the XPS spectra. This 
underlines the importance for using in-situ methods to in-
vestigate the properties of active catalyst surfaces.   
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