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Michael Hävecker,za Spiros Zafeiratos,
c
Gisela Weinberg,

a
Valerii I. Bukhtiyarov,

b

Axel Knop-Gericke
a
and Robert Schlögl
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We addressed the interaction of oxygen with silver by synchrotron based near ambient pressure

X-ray photoelectron spectroscopy at temperatures relevant for industrial oxidation reactions

performed with silver catalysts. For silver single crystals, polycrystalline foils and powders in

equilibrium with gas phase O2, we observed the dynamics of the formation of five different atomic

oxygen species with relative abundances depending on the temperature and time. Correlation of

their formation kinetics with spectroscopic features and thermal stability indicates that these are

distinct species with different electronic structures, which might relate to the different roles of

silver in oxidation reactions.

Introduction

The oxygen interaction with silver has attracted great atten-

tion in the past years because silver based catalysts are used in

two important large scale processes in the chemical industry,

namely ethylene epoxidation1 and methanol oxidation.2 These

reactions produce highly valuable feedstock chemicals that are

used in many applications. Apart from the economic driving

force, basic scientific knowledge is also pursued because silver

can be regarded as a model system to understand selective

oxidations. The epoxidation reaction is catalyzed by silver in

its metallic state without bulk oxide formation and this is one

of the simplest examples of a kinetically controlled selective

oxidation, where ethylene oxide can be obtained as the main

product although carbon dioxide is thermodynamically more

favorable.

Since the early 1960’s different approaches have been used

to address the oxygen–silver interaction. Initially, coverages,

heats of adsorption and adsorption/desorption kinetics have

been measured for real catalysts and model systems.3–6 Later on,

with spread of ultra high vacuum technology, oxygen adsorption

on single crystals and polycrystalline surfaces were studied

by a full range of surface science techniques including low

energy electron diffraction,7 electron energy loss spectroscopy,8

Auger spectroscopy, ultraviolet9,10 and X-ray photoelectron

spectroscopy.11,12 These studies have been mainly devoted to

elucidating the atomic and electronic structure of oxygen

covered silver surfaces, usually prepared by low oxygen doses

(1–102 Langmuir) using different sources of oxygen. A wealth

of information was obtained by this approach. A clear

description of atomic oxygen as single species was derived

with all the attributes of spectroscopy and chemical reaction.13

Based on this knowledge, reaction models were proposed for

both ethylene14,15 and methanol oxidation reactions.16 Later,

Schlögl and co-workers devoted special attention to the inter-

action of oxygen with silver at high temperatures, which would be

more representative of real catalysts under methanol oxidation

conditions.17–27 In contrast to the static description obtained

by the classical surface science approach, a very dynamic

picture emerged from this series of studies with a strong

interplay between oxygen incorporation in the sub-surface

and bulk with structural and morphological changes in the

silver, which ultimately modifies the oxygen species present at

the surface. Systematic theoretical studies based on density

function theory calculations were performed by the group of

Scheffler.28–31 The energetics and the electronic structure of

atomic oxygen on silver at different geometries (surface, sub-

surface, bulk and combinations) and coverages were obtained.

Moreover, phase diagrams were determined by taking into

account the effect of temperature and pressure through the

oxygen chemical potential. With the development of modern
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in situ spectroscopic techniques the interest in this system was

renewed with the possibility of testing the proposed models

by direct correlation of reactivity data with surface species

measured under working conditions.32,33

The newly developed near ambient pressure version of the

in situ X-ray photoemission spectroscopy (XPS) technique34

provides a unique opportunity to characterize the silver–

oxygen interaction under pressures and temperatures for

which the oxygen chemical potential is high enough to sustain

both surface adsorption and the morphological/structural

transformations in the solid. The main purpose of this paper is

to present further evidences for the dynamic nature of oxygen

species on silver in equilibrium with gas phase oxygen in the mbar

range at catalytically relevant temperatures. Complementary,

our aim is also to provide a common framework for the

identification, nomenclature and characterization of oxygen

species on silver as observed by XPS for different silver

materials at two temperature ranges 150–230 1C and

450–600 1C, which are relevant for ethylene epoxidation and

methanol oxidation, respectively. This is an important step

toward the identification of active species involved in both

oxidation reactions on silver catalysts and elucidation of

reaction mechanisms, which will be the target of future

publications.

Experimental

Different silver materials were used in this work. Silver foil

with 0.25 mm thickness and 99.997% purity was purchased

from Goodfellow. Silver powder with nominal particle size of

45 mm and 99.95% purity was purchased from Sigma-Aldrich

(327107). Silver single crystals Ag(110) (rectangular 7� 7� 2mm)

and Ag(111) (disk 7 � 2 mm) were polished with an accuracy

of 0.51 before the experiments.

The single crystals or foils were cleaned by repeating cycles

of Ar sputtering (5 � 10�5 mbar Ar, 1.5 kV acceleration

voltage, 20 mA emission current) for 30 min and annealing

at 400 1C for 3 min in UHV. This procedure was repeated

typically 5–10 times until carbon, sulfur or oxygen was no

longer observed on the surface in UHV. However, as it will be

discussed in the text, after longer O2 exposures at elevated

temperatures some impurities appeared on the surface. The

silver powder was used as supplied without any cleaning

procedure.

In situ XPS experiments were performed using the near

ambient pressure endstation of the ISISS beamline at the

synchrotron radiation facility BESSY II of the Helmholtz

Zentrum Berlin. Details about the system can be found at

elsewhere.35 Briefly, the silver samples were mounted inside the

reaction chamber 1.3 mm away from the first aperture of the

differentially pumped stages of the electrostatic lens system

that is connected to a hemispherical electron analyser. The

samples were fixed in a sapphire holder allowing the heating

from the backside by an infrared laser (CW 808 nm). A steel

plate was used as infrared absorber and the temperature was

measured by a K-type thermocouple fixed on the sample

surface by a steel plate lid. The silver powder was measured

in the form of pellets. Typically 50 mg of the powders was

gently pressed with 20 kg for 1 min forming 8 mm diameter

pellets with approximately 0.5 mm thickness. The O2 flow to

the chamber was kept constant by a mass flow controller and

the total pressure was regulated by changing the outlet flow,

using an automatic valve. A differentially pumped quadrupole

mass spectrometer was connected through a leak valve and the

gas phase composition was monitored by on-line mass spectro-

metry during the experiments.

The tunability of the synchrotron source was exploited to

select appropriate photon energies in order to measure core-

level spectra for all the elements (oxygen, silver, carbon) with

photoelectrons with the same kinetic energy (220 eV). This is

important to assure surface sensitivity with the same informa-

tion depth for all elements. Moreover, it facilitates the quanti-

fication since the transmission of the photoelectrons in the lens

system and the scattering in the gas phase are the same for all

elements. At 780 eV and with a spectrometer pass energy of

10 eV, at which the O1s spectra were measured, the overall

instrumental resolution is 0.4 eV (determined by gas phase

measurements) and typical photon flux is in the order of

1.2 � 1011 photons s�1/0.1 A. No visible effect of beam

damage was present for Ag samples exposed to O2 at different

temperatures as evidenced by the comparison of spectra at

different spots on the same sample.

The binding energy scale for all the measurements were

calibrated with respect to the Fermi edge, which was measured

after each core-level and valence band spectra using the same

photon energy. The precision of our energy calibration was

estimated to be 30 meV by measuring the fluctuations of the

Ag 3d5/2 peak position for clean samples after the Fermi edge

correction. The spectra shown in the figures are intensity offset

for clarity.

Curve fitting was performed with the CasaXPS software

(Neil Farley www.casaxps.com). For O1s, a mixed Gaussian/

Lorentzian (70%/30%) line shape was used in combination

with a linear background. A total of six components were used

with the peak position and width constrained at different

ranges for each component; the values are presented in

Table S1 in the ESI.w For the Ag3d, the best description of the

line shape was aDoniach-Sunjic curve convoluted with aGaussian

function. The asymmetry parameter was fixed as 0.03 and the

Shirley background was offset to accommodate the asymmetric

tail. The Gaussian broadening and FWHMwere determined for

the clean silver and kept constant. Elemental atomic concentra-

tions were obtained by dividing the areas resulted from fitting by

the incident photon flux and the atomic photoionization cross

sections calculated by Yeh and Lindau36 for the appropriate

energies. It is worth mentioning that this approach is not

expected to give accurate absolute elemental composition

results, but relative values so that different measurements

can be compared.

Fitting of O1s spectra for silver is not straightforward and

care must be taken. In general, multiple components are likely

to be present with BE separations which can be equal or

smaller than half of the FWHM, even using monochromatic

synchrotron radiation. In such conditions, the parameters for

adjacent Gaussian components obtained from the fitting

procedure might suffer from strong correlation depending on the

signal-to-noise ratio. For instance, a decrease in the area of one

component might be compensated by an increase in the FWHM
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of the adjacent peak giving the same goodness-of-fit. To

minimize these problems, the energy scale must be carefully

calibrated and reasonable constraints must be applied for the

BE and FWHM, based on reference measurements. However,

the parameters must not be fixed but constrained to a small

interval around a reference value, since BE variations caused

by physical reasons are possible, like modifications in the local

binding arrangement, neighboring, relaxation mechanism, etc.

The fitting model used in this work, namely the number of

oxygen species, its BE and FWHM, was obtained by choosing

the best set of parameters that could describe not a single

spectrum but dozens of O1s spectra measured under different

conditions. More details about the fitting procedure and

additional examples are given in the ESIw (Fig. S2).

Results

Carbon removal and atomic oxygen species on silver

Under 0.25 mbar of O2 and below 130 1C, the silver surface is

covered with carbonates (Ag2CO3) and hydrocarbons arising

either from the residual gases inside the chamber or from

contact with ambient (for the powders that could not be

cleaned by Ar sputtering). As the temperature is raised to

130–150 1C under an O2 atmosphere, firstly the hydrocarbons

and then the carbonates gradually vanish until the silver

surface is finally free of carbon after 10 min (See ESIw, S1).
For all results presented henceforth, carbon is absent from the

silver surfaces, as always confirmed by C1s spectra. This absence

of carbon is very important for trustworthy assignment of

features in the O1s as atomic oxygen species on silver.

Finally, immediately after carbon removal, a sharp peak

appeared at 528.4 eV with a slightly asymmetric tail to higher

BE. Analogous behavior was observed for single crystals, foils

and powders with different grain sizes, but the peak BE varied

in the range 528.2–528.5 eV with full width at half maximum

(FWHM) of 0.85–1.0 eV. This feature was previously observed in

several UHV experiments for single crystals and polycrystalline

foils.11,32,37–39 Although different names have been used, most

authors describe it as an oxidic species being associated with

reconstructions on the single crystal surfaces. Here we use the

label, Oa1 in connection with our previous works and the

traditional thermal desorption notation.17–25,27

Dynamics of oxygen species at 150–230 8C

Fig. 1(a) shows O1s spectra measured under 0.25 mbar O2 at

different temperatures for Ag(110). The temperature was

raised by 5 1C min�1 and held constant at 150, 180, 200 and

230 1C for 30 min, for spectra acquisition. Initially, fast scans

were acquired and when changes were no longer observed in a

time scale of 10 min, a set of core-levels for different elements

was measured (carbon, oxygen, silver, chlorine, silicon), for

which the O1s signals are displayed in Fig. 1(a). After a few

minutes at 150 1C, the initial tail in the Oa1 component

(similar to the bottom spectra of Fig. S1, ESIw) developed

into a well defined shoulder around 529.2 eV and an additional

peak at 530.2 eV, as shown in Fig. 1(a). As the temperature was

increased, while the shoulder remained nearly constant, the

peak initially around 530.2 eV increased and shifted to high BE.

Since no carbon or other oxygen-containing impurities were

present, these new features can be assigned as additional

oxygen species on silver, however a fitting procedure is

necessary.

The fitting of the O1s spectra for Ag(110) at 150 1C (Fig. 1(a))

results in essentially three components. The low BE component

Fig. 1 O1s spectra following the formation dynamics of low temperature

oxygen species on silver. (a) Ag(110) under 0.25 mbar O2 at different

temperatures. (b) Silver powder with 45 mm particle size at 180 1C at

different times.
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at 528.2 eV is assigned to the same species Oa1 previously

described. Oxygen species in the range of 530.0–530.6 eV have

been reported many times in the literature for silver.12,25,32,38

This species is labeled Oa3 and assigned as atomic oxygen

adsorbed at the silver surface.

The middle component at 529.2 eV, named Oa2, is more

scarcely described in the literature. A feature in this energy range

was measured for silver single crystals after high temperature

treatments at 1 bar,20,25 being associated to the highly stable

Og species previously observed in thermal desorption experi-

ments. Species on this range were also observed for Ag(001)

single crystals exposed to O2 below room temperature38 and

silver foils exposed to microwave discharges in the presence of

O2 at room temperature.40,41 Both species Oa2 and Oa3 have
FHWM around 1 eV in the same range as Oa1. For an

overview of all the O species described in this paper we refer

the reader to Table 1 in the discussion section.

As the temperature is further increased up to 230 1C, the

feature at 530.2 eV shifts to high binding energy and becomes

relatively more asymmetric and broader. To fit this line shape,

an additional component around 530.8 eV with 1.1 eV

FWHM needs to be introduced. As can be seen in Fig. 1(a),

its appearance is delayed relative to the Oa1,2,3, but it increases
at a higher rate as a function of temperature. Based on that, we

associate this component to an oxygen species incorporated in

the sub-surface region and label it Ob in connection with the

bulk diluted oxygen species previously characterized by

TDS.17–25,27 However, since XPS is not bulk sensitive, this

Ob species is better described as oxygen in octahedral sites

below the silver surface in this case. These assignments are

corroborated by the high temperature experiments and will be

more extensively discussed in comparison to the literature in

the discussion section.

Interestingly, a very similar evolution of the oxygen species

can be observed even at a constant temperature but at much

longer time scale. Fig. 1(b) shows the O1s spectra as a function

of time for the case of a silver powder with 45 mm average

grain size under 0.25 mbar at 180 1C. It can be seen that using

the same set of components with slightly broader peaks than in

the case of the single crystal all the spectra can be properly

fitted. The fitting show that after 1 h at 180 1C the distribution

of Oa1,2,3 species at the surface of the powder is similar to the

single crystal at the same temperature, but there is a higher

amount of Ob relative to the other species. The small decrease

of Oa1 observed in both cases after higher temperatures or

longer exposures is not related to the kinetics of species

formation, but to the accumulation of chlorine at the silver

surface, as further discussed in the following section.

Dynamics of oxygen species at 500 8C

At temperatures relevant for methanol oxidation (400–600 1C)

the silver–oxygen system shows an enhanced dynamic behavior.

Fig. 2(a) presents the O1s spectra for a silver foil at 0.25 mbar

O2 initially at 180 1C, which is subsequently heated to 500 1C

for 12 h and then cooled to 180 1C. The formation of new

species is evident even without any fitting procedure by the

prominent changes in the line shape and intensity of the O1s

spectra. The spectrum at 180 1C shows a very similar distribu-

tion of oxygen species as previously observed for single crystal

and powder (Fig. 1). However, as the temperature is increased

to 500 1C, Ob becomes the most abundant species, while Oa1 is
significantly reduced. The same relative binding energies are

used but the FHWM for all species is a little higher than for

the measurements at lower temperatures. Later on, after 2 h at

500 1C, the total amount of oxygen increases substantially, as

seen by the higher O1s overall intensity. At this point, Oa1 and
Oa2 vanish and Ob completely dominates the spectrum with

Oa3 being a minor contribution.

Finally, after 12 h under 500 1C, it can be seen that Ob is

strongly reduced and a new peak at 529.5 eV appears. This

feature is fitted using two components, the Oa2 previously

observed at lower temperatures and a new species at 529.6 eV,

which is assigned to the so-called Og, in connection with

highly stable oxygen species observed in TDS experiments

after high temperature O2 treatments.27 As in the case of Oa3
and Ob, the BE separation between Og and Oa2 is small

(0.5 eV) compared to the FWHM (1.1 eV) and errors in the

fitted areas are likely to be present if the BE and FHWM are

not constrained. The evolution of the oxygen species on silver at

high temperatures can be followed quantitatively by plotting the

Fig. 2 (a) O1s spectra for silver foil under 0.25 mbar O2 at different

temperatures. (b) Quantitative XPS data showing the evolution of

oxygen species at high temperature.
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atomic concentrations obtained by the peak areas as a function of

time (Fig. 3). The total amount of oxygen on silver increases by a

factor of 2.0 during the first few hours at 500 1C due to Ob
formation. Subsequently after 12 h Og is formed at the expense

of Ob but the total amount of oxygen stay nearly unchanged.

To confirm the assignment of the new feature as Og, a new

experiment was performed where a silver foil was exposed to

O2 at 500 1C for 3 h and then the O2 was replaced by He while

the temperature was kept at 500 1C for 30 min and afterwards

O2 was reintroduced. As can be seen in Fig. 3, the spectrum

under O2 shows a peak at 529.3 eV, which decreases in

intensity, shifts to 529.6 eV and becomes narrower under He,

but it is recovered as O2 is reintroduced. The fitting indicates

that both Oa2 and Oa3 decrease considerably under He while

the components assigned as Og, on the other hand, remain

nearly constant, confirming its expected high thermal stability.

After the high temperature treatment, when the temperature

was decreased back to 180 1C no changes in the distribution of

oxygen species were observed (Fig. 2(a, b)). This invariability

indicates that the Og formation is an irreversible process. The

long time scale and irreversibility of the oxygen species evolu-

tion at high temperature suggest that solid state dynamics

might be also involved. In fact, strong morphological changes

are observed on the silver foil after the high temperature O2

treatments. Fig. 4(a) shows a representative SEM image of the

fresh silver foil. The foil surface is flat in the micrometre scale with

some roughness caused by unidirectional line shaped structures

that are formed during the foil fabrication and polishing.

In contrast, after the 12 h under 0.25 mbar O2, its surface

presented a much richer morphology. As seen in Fig. 4(b) (at the

same magnification as Fig. 4(a)), the grain boundaries are clearly

visible and in some areas dark and grey stripes are present. This

stripe-like contrast is due to the formation of hill and valley

structures as observed in Fig. 4(c) which is a magnification of

the area marked by a rectangle in Fig. 4(b). This restructuring

of the silver surface observed at 0.25 mbar during the XPS

measurements is similar to what is reported in the literature for

1 bar treatments.19,21

Surface impurities

One of the goals of this paper is to tackle the dynamics of

O species as the Ag surface equilibrates with the gas phase

atmosphere and temperature in time scales representative for

real catalytic systems. This information is very important for

Fig. 3 O1s spectra for O1s spectra for silver foil at 500 1C under

different gas environments.

Fig. 4 Morphological changes of Ag foil under 0.25 mbar O2 at 500 1C.

(a) Fresh foil after various cleaning cycles. (b–c) After exposure to O2

at 500 1C for 12 h. Image (c) is a magnification of the area marked by a

square in (b).
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catalysis and almost not available by traditional surface

science methods. However, the price paid for this information

is the long time inside the chamber, which results in adsorption/

segregation of additional elements other than O to the Ag

surface. In contrast to UHV experiments, where surface

contamination arise from vapor-pressure driven diffusion of

residual impurities from the vacuum chamber to the sample,

gas phase transport can play an important role in the case of

near ambient pressure XPS. A typical example of gas mediated

transport is the nickel/iron contamination for samples in CO

atmospheres, as a result of formation and decomposition of

carbonyls.42 A second source of contamination is the thermal

segregation of bulk impurities to the surface, which might also

be enhanced by the presence of a gas phase, for example in the

case of silver, because of the incorporation of oxygen in the

sub-surface and bulk and the increased chemical potential.

In most experiments with single crystals or foils where the

samples are cleaned by Ar sputtering, only oxygen is present

on the Ag surface (Fig. 1(a), 150 to 200 1C, Fig. 1(b) 2 h,

Fig. 2(a) up to 30 min at 500 1C and Fig. 3). However, after

longer exposures times to oxygen and temperature different

contaminants were observed on silver depending on the condi-

tions. The surface of fresh powders and foils contains carbon

and sometimes sulfur that disappear after exposure to O2 at

temperatures higher than 150 1C. Depending on the sample

history and time, chlorine is occasionally present between 150

and 250 1C, while at 500 1C potassium and silicon are sometimes

observed. While potassium does not seem to influence the O1s

spectra, considerable changes are observed in the presence of

both silicon and chlorine and these cases are worth discussing.

At low temperatures, the presence of residual OH species

was excluded, based on previous investigations which report

their BE in the range of 531.6–532.6 eV.43 However, a high

binding energy feature between 531.5 and 532.5 eV was

occasionally observed for silver foils exposed to O2 at high

temperatures, which is not a new atomic oxygen species on

silver, but a silicon oxide related feature. Fig. 5 shows spectra

for which the silicon oxide contamination is present. As can be

seen, the changes in intensity for this O1s feature correlates well

with Si2p peak. This contamination is particularly bewildering,

because Si is usually present in a distribution of oxidation states

as indicated by the broad peak (1.8 eV FWHM), which is not

always the same, causing the corresponding O1s feature to shift

(Fig. 5(a)). As shown quantitatively in Fig. 6, both the O/Si

atomic concentration ratio and the BE position of the O1s SiOx

component are clearly correlated with the BE position of the Si

2p peak. Silicon oxide impurities were thermally stable and

could be removed only by Ar sputtering. However, our experi-

ments indicate that the presence of silicon oxide impurities does

not influence the oxygen adsorption characteristics of silver

(coverage and speciation). The absence of surface passivation

by silicon oxide is in agreement with the SEM characterization

showing the segregation of silicon oxide into isolated particles

instead of wetting the silver surface (see ESIw, Fig. S3).
It is plausible that silicon contamination is not specific for

our system, this impurity creating an O1s signal at 531.5–533 eV

might be relevant for other studies in the literature as well. The

huge difference in sensitivity factors between silicon and oxygen

for XPS analysis based on Al/Mg Ka sources might easily

hinder the detection of the Si2p signal while the corresponding

O1s feature is still observed (see ESIw, Fig. S4). For instance,
Bukhtiyarov reported the presence of a residual broad peak in

the O1s spectra around 532 eV for polycrystalline foils, which

does not influence the oxygen adsorption, but it is not removed

Fig. 5 Silicon contamination in Ag foils exposed to 0.25 mbar O2 at

500 1C. (a) O1s spectra showing the appearance of an additional SiOx

component between 531.4 and 532.5 eV. (b) Corresponding Si2p

spectra.
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even after severe O2 and H2 redox cleaning and flashing in

UHV at 600 1C. Similar descriptions of highly stable residual

oxygen on silver are also reported by other authors,44 which

might be well related to silicon oxides. In fact the surface

segregation of bulk silicon impurities was observed for Ag

single crystals after high pressure ethylene epoxidation39 and

methanol oxidation reactions.19

The interplay between chlorine and oxygen at silver surface

was investigated in more details by ambient pressure XPS and

the results will be published elsewhere. Briefly, our experi-

ments indicate that, in contrast to silicon, the presence of

chlorine influences not only the oxygen uptake by silver but

also the distribution of oxygen species. It has already been

proposed in the literature that Cl preferentially adsorbs at

specific sites for oxygen covered silver surface, leading to

changes in the distribution of oxygen species.1 We observed

that the low BE oxygen species (Oa1 and Oa2) are initially

reduced as chlorine accumulates at the surface and only

at higher coverage the other species are affected (see ESIw,
Fig. S5).

The nature of oxygen species

Another important parameter to characterize the species,

apart from the binding energy and kinetics, is the associated

formation of Agd+. When no oxygen is present on the silver

surface, as for the case of a freshly sputtered Ag(110) single

crystal presented in the top spectra of Fig. 7(a,b) the Ag3d

spectra show a peak at 368.15 eV with FWHM of 0.65 eV.

When Oa1 is present on the silver surface, the Ag3d line-shape

changes and a shoulder at lower binding energies are clearly

noticed. The majority of metals display a core-level chemical

shift to higher binding energies for higher oxidation state, as

predicted by a simple charge potential model. However, in the

case of silver, the response of the local electronic structure to

the appearance of the core-hole gives rise to an additional

factor, usually called relaxation energy, which results in an

overall shift to lower binding energies.45 Comparison of the

line shapes of the Ag3d spectra in Fig. 6 suggests that the

amount of Agd+ depends on species present on the surface, as

already pointed out qualitatively by other authors.32,40,41

A good fitting of the Ag3d can be obtained with the

inclusion of a second component with 30% broader FWHM

relative to the metal and a BE shift between 0.35 and 0.55 eV

relative to the Ag0. The quantitative correlation between the

Ag+ abundance and the different oxygen species is not simple

since in most cases a distribution of species is present. To

tackle this issue, for each pair of O1s/Ag3d spectra a linear

equation was constructed using the areas of the oxygen

components as coefficients for the unknown variables and the

Ag+ areas as constants. A linear system was then constructed

whose solutions gave the correlation between the different

Fig. 6 Correlation of the Si2p peak position with the BE of the SiOx

component in the O1s spectra (filled dots) and with the ratio of atomic

concentrations of oxygen and silicon (open squares).

Fig. 7 (a, b) Corresponding O1s and Ag3d spectra showing the changes in the Ag+ depending on the oxygen species present on the silver surface.

(c) Quantitative correlation of the amount of Ag+ related to different oxygen species. (d) Relative BE for Ag+ relative to Ag0 (chemical shift) for

different oxygen species.
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oxygen species and Ag+ amount (see more details in the

ESIw). The results of this analysis are displayed in Fig. 7(c).

Oa1 is related to two times more Agd+ than Oa2, while the

presence of Og relates to only half of the amount. Interestingly,

this analysis indicates that Oa3 and Ob are related to nearly no

Agd+ formation. We have also observed a weak correlation of

the BE position of the Agd+ component with the oxygen species

present at the surface, as can be seen at Fig. 7(d). Although

considerable fluctuations are present due to variations in the

fitting procedure, higher chemical shifts for the Ag+ are

observed for oxygen species with lower BE. In summary, the

quantitative correlation of the Ag3d and O1s features indicates

that the five oxygen species indentified by spectrum fitting are in

fact chemically distinct, presenting bonds with different ionic

character.

Further evidence for the distinct character of the oxygen

species on silver can be obtained by comparing the valence

band (VB) features. Fig. 8 shows the O1s spectra and the

corresponding VB spectra for selected conditions where one of

the species is dominant. All spectra were normalized for better

comparison. The oxygen-free silver (bottom spectrum) shows

the typical d-band doublet structure between 8 and 4 eV

followed by flat and low intensity region from 3.8 eV up to

the Fermi edge related to the s-band, in agreement with

assignments in the literature based on calculated density of

states.46 In the presence of Oa1 an additional feature appears

around 2 eV which is related to the O2p levels. The assignment

of this peak as an oxygen feature was confirmed by measure-

ments with different photon energies, for which the atomic

ionization cross section ratio between the O2p and Ag5s-4d

increases, and a corresponding enhancement of the peak at

2 eV is observed (see ESIw, Fig. S6). In the presence of other

oxygen species on the surface the O2p VB level undergoes a

similar shift as the O1s core-level, corroborating the assign-

ment of these VB features as related to oxygen species on

silver. Systematic theoretical and experimental studies of the

electronic structure of Ag2O point towards a re-hybridization

between the Ag4d and 5s bands allowing the formally closed

4d shell to interact in chemical bonding.47,48 In general, it is well

known that a transition metal oxide presents a considerable

degree of covalency.49 In the case of Ag, the low coordination of

metal sites, the short bond lengths and the occasional presence

of colours associated with the observation of a white line in the

X-ray absorption spectra of the Ag L3 for different Ag

compounds edges have been attributed to an open d shell

structure.50 In the present case of atomic oxygen interacting

with Ag, it is probable that different intermixing between O2p

and Ag4d/5s are present for the different O species, however

further evidences are necessary to address this issue.

Discussion

The changes in the O1s spectra for a silver single crystal, foil or

powder under 0.25 mbar O2 at different temperatures were

explained by the formation of five distinct oxygen species,

which can be related to species previously described in the

literature based on their BE, formation kinetics, temperature

stability, Agd+ and valence band features summarized in

Table 1.

The Oa1 characterized by the lowest binding energy was

already extensively investigated in the past11,32,38,39 and it is

usually associated to the formation of oxygen induced recon-

structions on different facets of Ag single crystals observed by

low energy electron diffraction,7,38 and more recently surface

X-ray diffraction.51,52 The exact atomic structure of these

reconstructions is still focus of debate,53,54 but the correlation

with the low BE feature observed by XPS seems to be consensual.

Considerable variations of the BE values for this species can be

observed in the literature, from 528.1 to 528.5 eV, for different

single crystal facets and polycrystalline foil. In our measurements,

using the same energy calibration, changes in the BE for Oa1
were observed not only for different Ag materials, but also for

the same sample measured at different positions or times.

These variations are larger than the accuracy of our energy

calibration (30 meV) and can be associated to the presence of

regions with different reconstructions within the area illuminated

by the incident X-rays (approximately 0.015 mm2). As recently

demonstrated by Schnadt et al.53 by a combination of STM

images and theory, multiple surface structures are expected to

coexist on silver surfaces exposed to oxygen at catalytic relevant

temperatures, as a consequence of their small energy differences

compared to the thermal energy. This coexistence of different

phases could also explain the observed variations in the FWHM.

Among all species, Oa1 was found to be related to the highest

amount of Agd+, confirming its oxidic nature as already pointed

out by many authors. The relatively flat feature around 2.0 eV

in the VB spectrum agrees well with UPS10,32 and XPS38,55

spectra reported by other authors for O species with the same

Fig. 8 Comparison of core-level and valence band features for different

oxygen species. (a) O1s spectra for selected conditions with different

distributions of oxygen species. (b) Corresponding valence band spectra.

Table 1 Spectroscopic characteristics of oxygen species on silver

Species BE/eV FWHMa/eV Agd+/O VB/eV

Oa1 528.1–528.4 0.85–1.0 4.7 2.1
Oa2 529.1–529.2 0.9–1.1 2.3 —
Og 529.5–529.7 1.0–1.1 0.9 2.6
Oa3 530.1–530.4 1.0–1.1 0.2 3.0
Ob 530.8–531.0 1.1–1.2 0.2 3.3

a Smaller FWHM are observed for single crystals while larger values

are related to powders or foils at higher temperatures.
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core-level BE. The disappearance of Oa1 at high temperatures

(Fig. 2(a)) is an additional evidence for the association of this

species with ordered structures on the surface.

The Oa2 species was also related to formation of Agd+, but at

a less extent than Oa1 providing it a weaker oxidic character.

Based solely on the BE and the ionic character, this feature

could be assigned as the Og species following the previous work
of Bao et al. However the kinetics and thermal stability are not

consistent with this assignment. From the data at 150–230 1C

(Fig. 1), it is clearly seen that Oa2 is present after few minutes of

exposure to O2 at 150 1C. TDS experiments for Ag exposed to

O2 at temperatures lower than 300 1C do not show the high

temperature desorption peak characteristic of Og.27 Besides, the
Ag foil exposed to oxygen at 500 1C for 12 h (Fig. 2) shows a

broader peak with a higher binding energy relative to the Oa2
component at 150 1C and this feature shifts even further when

O2 is removed, confirming that the highly stable Og should be in

fact assigned to the new component at 529.6 eV instead.

Features in the same range as Oa2 are reported in the literature

even for low O2 exposures at low temperature, where formation

of the so-called Og is not expected. Rocca et al.38 reported that

oxygen species at 528.3 eV (Oa1) created on Ag(001) by low O2

doses at room temperature can be totally removed by CO

exposure resulting in a residual peak in the same range as

Oa2. This peak was interpreted as oxide-like species at steps on

Ag(001). This proposition is well aligned with our observations.

Oa2 is not immediately formed after the temperature is raised to

150 1C, but it appears only after some time, probably when

more steps and edges are created at the surface. Also, the

amount of Oa2 relative to Oa1 seems to be higher for powders

than for single crystals, for which a higher density of defects is

expected. Moreover, the total amount of Oa2 on the Ag foil

increased by a factor of two when the temperature was

increased from 180 1C to 500 1C (Fig. 2(b)) along with strong

morphological changes that resulted in the micrometre sized

facets and steps observed by SEM (Fig. 4). Recently, Su et al.56

found indications for the presence of oxygen species on the

steps at the surface of Ag nanoparticles exposed to air, without

any high temperature treatments, by a combination of aberra-

tion corrected HRTEM images associated to DFT calcula-

tions and image simulation.

We found that the highly stable oxygen species Og was

related to less Agd+ than both Oa1 and Oa2, although the

dataset is scarcer, which is in contrast to the description of Og
as an oxidic species in previous works of our group.25,26 This

divergence can be related to the fact that species identification

was simply based on the major features in the O1s spectra

because of the limited resolution provided by lab source XPS,

which most likely precluded the distinction between Og and

the Oa2. This argument is corroborated by the presence of a

VB feature at 2.6 eV for the case of a mixture of Og and the

Oa2 in the Ag foil (Fig. 8), which agrees with a peak at 2.5 eV

associated to Og in UPS measurements reported in previous

works.24

The identification of oxygen species on silver in the range of

530–531 was the focus of debate in the literature. Initial

skepticism was related to the possibility that these features

might be related to carbonates and not adsorbed oxygen on

silver.37 Few authors assigned features around 530 eV to

molecularly adsorbed oxygen,57,58 however the atomic nature

of oxygen species at temperatures relevant for ethylene epoxi-

dation was confirmed by Bukhtiyarov et al. using a combi-

nation of XPS and XAS measurements.59 Assignment as

subsurface species was also proposed based on the dependence

of the peak BE on its intensity, shifting from 530 to 531 eV and

the considerably bigger broadening compared to low BE

species observed for the same sample.26 On the other hand,

the surface location of species with BE 530.3 eV was evidenced

by XPD for the case of Ag(001) single crystals exposed to low

O2 doses below room temperature38 and by angle dependent

XPS for the case of Ag(111).60

In our case, measurements of photoelectrons with the same

kinetic energy, which provides more comparable sensitivity

factors for O1s and C1s, allows us to safely exclude the

presence of carbonates. Moreover, our analysis indicates the

separation of the O1s features at 530–531 eV into two distinct

species, Oa3 at 530.2–530.6 and Ob at 530.8–531 eV (see ESIw,
Fig. S2). The Oa3 component can be unequivocally related to

the so-called electrophilic oxygen reported in the papers of

Buhktyiarov et al.,32,59,60 based on the BE position, absence of

induced Agd+ for this species and the VB feature around

3.1 eV. The identification of the higher BE component at

530.8 eV as Ob species located below the silver surface is

confirmed by various hints obtained by a careful examination

of our dataset in comparison with the literature.

First, oxygen migration to the subsurface region was

proposed to be driven by lateral repulsion of surface species

at higher coverages and by the increased solubility in silver as

the temperature is raised.61 This scheme is in agreement with

our observation of a delayed formation of Ob at 180 1C

relative to the surface species Oa1 (Fig. 2(b)) and its relative

increase with temperature for the Ag(110) (Fig. 2(a)). Likewise,

the higher amount of Ob (relative to Oa1) for the powder in

comparison to Ag(110) is a further indication, given that the

higher density of defects and grain boundaries in powders is

expected to enhance the oxygen incorporation in the sub-

surface. Second, the kinetics at 500 1C also supports this

assignment. It was observed that Ob is formed at intermediate

stages before Og appears (Fig. 3(a and b)), which is in full

agreement with a previous model derived from TPD and ISS

that identifies Ob as a precursor for Og.26 It is worth mention-

ing that the ratio of Ob/Og in our present work is considerably

lower than previously reported XPS data,25 however this is in

agreement with the TPD experiments performed by Nagy

et al.27 for Ag foils exposed to O2 at different pressures

showing a relative decrease of the Ob/Og desorption peak

intensity ratio as the pressure was reduced from 1 bar to 10 mbar.

Thirdly, the VB shoulder at 3.3 eV (Fig. 6) is consistent with

this assignment as Ob, being comparable to a feature at 3.2 eV

observed by UPS on Ag foil after treatments for which

Ob is expected.25 Finally, comparison of the experimentally

determined O/Ag atomic concentration ratios for Ob with

numerical calculations (presented in ESIw) suggests that the

measured amounts of Ob are considerably higher than what is

expected for an O overlayer with 1 ML coverage on atomically

flat Ag(111), which corroborate the argument that this species

might extend below the surface into the sub-surface and bulk

regions.
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The dynamic nature of the interaction of oxygen with silver

at elevated temperatures was established in the past in a series

of papers17–27 combining different experimental techniques. In

this context, oxygen migration to the sub-surface/bulk by

interstitial diffusion played a central role as a driving force for

the solid state dynamics that results in the surface restructuring

and also as a precursor for the formation of highly stable

oxygen species. In the present paper, this model is corroborated

by the observation of similar dynamic behavior using an in situ

surface sensitive technique for the case of silver samples in

constant interaction with gas phase O2. The Ob accumulation

and posterior formation of Og with simultaneous surface

morphological changes observed for the silver foil exposed to

500 1C is in an excellent agreement with the high pressure

experiments. Also, since the experiments were performed under

equilibrium conditions, the association of these dynamic trans-

formations to transient states created during the thermal

desorption experiments can be safely ruled out.

In addition our results indicate that oxygen incorporation to

the subsurface is also present at relatively lower temperatures

typical of ethylene epoxidation. The clear dependence on time

and temperature for Ob accumulation at 180 1C suggests that

oxygen diffusion is a thermally activated kinetic process in

agreement with the high temperature results. The presence of

sub-surface oxygen might be related to the formation of the

Oa3 species with electrophilic character and identified as

responsible for the ethylene oxide formation.33 Rocca and

co-workers38 reported a reversible transformation of oxygen

species at 530.3 eV and 528.3 eV on Ag(001) upon heating

from 150 K to 300 K and proposed that the transition arises

from the depletion of oxygen at subsurface sites leading to a

destabilization of the species at 530.3 eV as the temperature is

increased, but subsurface species were not identified. Van Santen

and Kuipers62 also proposed a mechanism whereby the presence of

subsurface oxygen renders the surface adsorbed oxygen more

electrophilic by withdrawing electron density from its surroundings.

These arguments are in agreement with our observation of

lack of Agd+ and higher BE for Oa3 relative to Oa1 and Oa2.
Based on these observations, a common framework for the

description of oxygen species on silver can be constructed

contemplating both the static description of oxygen species in

the surface science literature at low temperature/pressure and

the dynamics revealed at high pressure/temperature. At low

oxygen chemical potential, dissociative adsorption of oxygen

at the silver creates the Oa1 species related to the surface

reconstructions observed in many low oxygen dose studies. As

the oxygen chemical potential is slightly increased, either by

higher doses or temperatures, Ob starts to be formed by slow

migration of adsorbed oxygen to sites below the Ag surface.

The presence of oxygen in the subsurface then polarizes the

Ag–O bond for the surface oxygen species creating the Oa3
species. At even higher oxygen chemical potentials, under

methanol oxidation reaction temperatures, oxygen interstitial

diffusion to the bulk is strongly enhanced and the silver undergoes

strong structural and morphological changes resulting in the

surface faceting that favors the Oa2 species and the formation

of Og by migration of oxygen to vacancies in the silver lattice.

In this scenario, a key element is the presence of oxygen in

the subsurface/bulk driven by the oxygen chemical potential.

The kinetics of Ob formation at different temperatures and its

relationship with Oa3 are being further investigated and will be

presented in a forthcoming publication.

Conclusions

In summary we find that under constant oxygen chemical

potential provided by mbar range pressure and catalytically

relevant temperatures the silver–oxygen system shows a dynamic

behavior that can be captured by near ambient pressure XPS.

Our data show that silver is able to activate molecular oxygen

into different forms with clearly distinct characteristics that

might relate to different roles in both methanol and ethylene

epoxidation reactions. This formation of different oxygen species

on silver is interpreted as a result of oxygen incorporation below

the surface that changes the atomic and electronic structure of

the metal. It is expected that the strong evidence presented here,

based on a set of independent measurements, will help to shed

new light in the mechanism of oxygen activation that can be used

to further understand the oxidation reactions performed on

silver catalysts.
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