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Abstract 

The uptake and chemical speciation of oxygen in and on Ag(111) surface is described.  An 

Ag(111) surface was exposed to gas-phase oxygen atoms under ultra-high vacuum compatible 

conditions at various surface temperatures.  The O uptake was quantified using temperature 

programmed desorption measurements and showed that oxygen exposures at temperatures above 

500 K yielded only surface adsorbed oxygen in a single surface reconstruction.  At temperatures 

below 500 K, O uptake continued past O surface saturation, and a maximum in the uptake with 

respect to exposure temperature was observed at 450 K.  A model where O atoms must diffuse out 

of subsurface absorption sites to free room for further O describes this observation.  The chemical 

speciation of the oxygenaceous species formed under these conditions was achieved using X-ray 

photoelectron spectroscopy.  These data show that a single O species initially formed on the 

surface, but at higher coverages a new, 3-dimensional oxygenaceous phase developed.  Because 

of the importance of silver in heterogeneously catalyzed partial oxidation reactions, these results 

show that oxygen species embedded below the surface plane must be incorporated into accurate 

models of Ag-surface catalyzed reactions. 
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Introduction	

The oxidation of silver surfaces has become a benchmark system for both experimental surface 

science analysis and theoretical calculations1-14.  There are strong propensities for surface 

reconstruction upon adsorption of O on silver surfaces, and under a variety of conditions, several 

oxidic surface phases may coexist.  Such behavior results from the balance of strong O–Ag 

interactions and less robust Ag–Ag interactions than present for many transition metal surfaces.  

Due to the complexity of O/Ag interactions, an understanding of the exact nature of the various 

oxygenaceous species is still developing15-26.  Our previous work has established the efficacy of 

gas-phase atomic oxygen (AO) to highly oxidize Ag(111) under ultra-high vacuum (UHV) 

compatible conditions, and revealed a strong temperature dependence on the surface composition.  

For example, for exposures below surface temperatures (Ts) of 500 K and moderate O coverages, 

the co-existence of p(4×4), c(3×5√3), p(4×5√3), and c(4×8) domains were observed16, 18.  In 

addition to these previously characterized oxidic phases, a striped phase was discovered using low-

energy electron diffraction (LEED) and scanning tunneling microscopy (STM).  The striped phase 

manifested at that same O coverages where a low-temperature oxygen desorption feature in 

temperature programmed desorption (TPD) spectra was observed; this low-temperature feature 

was attributed to dissolved oxygen in the near-surface region of Ag(111)16. 

In this paper, we report the findings of our study of oxidized Ag(111) surfaces prepared via 

exposure to AO under vacuum conditions in which we quantified the total ad- and absorption of 

oxygen using TPD, complemented by synchrotron radiation X-ray photoelectron spectroscopy 

(XPS) to provide chemical analysis.  We found that the uptake and capacity for oxygen in Ag was 

temperature dependent, and that once the total amount of oxygen exceeded an oxygen coverage 

(qO) of 0.4 ML, a new photoelectron peak was observed in the XPS spectrum which corresponded 
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with the formation of the aforementioned striped pattern observed using LEED and the low-

temperature oxygen desorption feature seen in the TPD spectra.  Using angle resolved XPS, we 

have determined that the previously reported ‘striped’ phase formed on Ag(111) from AO at 

exposure temperatures below 500 K is comprised of both surface oxygen and subsurface oxygen 

(Osub) and is most likely a 3-dimensional phase that is distinct from previously reported silver 

oxides (e.g. AgO or Ag2O)17, 23, 27-28.  These results suggest that silver surfaces undergo a complex 

reconstruction under oxidizing environments at comparatively modest temperatures (< 500 K) 

where oxygen diffuses into the near surface region of the solid (selvedge), resulting in a 

homogeneous oxygenaceous phase that covers the surface.  Because this oxygenaceous phase 

forms at catalytically relevant temperatures (≈ 500 K), it should make a significant contribution to 

the species present under actual catalysis conditions. 

 

Experimental 

 The TPD, LEED, and STM experiments were carried out at Loyola University Chicago 

using a previously described apparatus29.  Briefly, the system consists of two interconnected ultra-

high vacuum (UHV) chambers, the first a preparation/analysis chamber and the second, a STM 

chamber.  The STM was an RHK Technology PanScan Freedom STM, which was cooled by a 

closed-cycle helium cryostat.  The preparation/analysis chamber was equipped with a Fissions 

RVL900 LEED, a PHI 10-155 Auger Electron Spectrometer (AES), and a UTI 100c quadrupole 

mass spectrometer (QMS) which was equipped with a shroud (also known as a Feulner cap30) to 

provide greater signal-to-noise during TPD measurements.  The Ag(111) sample was mounted on 

an exchangeable Ta sample plate by welding it to two supporting Ta wires, and a type-K 

thermocouple was directly welded to the Ag(111) crystal.  The sample could be heated using 
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electron bombardment to 1000 K and cooled using a flow of liquid nitrogen to 100 K.  The surface 

was prepared using the standard sequence of Ar+ sputtering followed by annealing at 850 K.  

Surface cleanliness was verified with AES and a crisp (1×1) LEED pattern, or with LEED and 

XPS at Argonne.  The Ag(111) was exposed to gas-phase AO via a thermal O2 cracker that 

consisted of a hot Ir wire held at 1750 K around 5 mm from the front face of the crystal.  In the 

supplemental information, we present XPS data showing no new photoelectron peaks with binding 

energies between –5 eV and 550 eV, aside from those attributed to oxygen.  O uptake was 

quantified using TPD, with the desorption peak near 600 K corresponding to 0.375 ML O as the 

internal standard.  In a previous publication, we demonstrated that both NO2 and AO exposure at 

525 K resulted in the same surface coverage, albeit AO gave the p(4×5√3) reconstruction16 rather 

than the p(4×4) reconstruction resulting from NO2 or high-pressure O2 exposures6, 12. 

XPS experiments were conducted at beamline  4-ID-C at the Advanced Photon Source 

(APS) at Argonne National Laboratory using a Scienta Omicron Argus electron energy analyzer 

operating at a pass energy of 10 eV and using 670 eV X-rays31.  The angle between the X-ray 

source and the inlet of the analyzer was fixed at 90°.  XPS spectra were acquired at X-ray incidence 

angles of 30° (surface sensitive) and 60° (bulk sensitive) with respect to the surface normal by 

rotating the crystal.  In order to estimate the relative surface–bulk sensitivity, the inelastic mean 

free paths (IMFP) were calculated for electrons in the Ag(111) sample.  First, the IMFP for Ag2O 

(band gap of 1.4 eV, 8 valence electrons, and a density of 1.4 g cm–3) was calculated using the 

NIST database32.  At 30°, the IMFP for 670 eV X-rays emitted from Ag 3d and O 1s orbitals were 

calculated to be 5.0 Å and 3.3 Å, respectively.  The IMFPs were 8.7 Å and 5.7 Å for Ag 3d and O 

1s electrons at 60° X-ray incidence, indicating that electrons from 60% deeper in the silver sample 

would be detected at 60° compared to 30°.  The Ag(111) sample was cleaned and exposed to gas-
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phase AO in a similar fashion to the experiments performed at Loyola.  Although TPD 

measurements for quantification of O uptake were not possible at the APS, the combination of 

XPS and LEED allowed for the connection between the Loyola and APS sample preparations.  

The saturation of the surface at qO = 0.375 ML O for AO exposures at 525 K, and observation of 

the same LEED pattern at both Loyola and the APS, made it possible to correlate the XPS signal 

for surface adsorbed oxygen (Oad) with the TPD measurements. 

Results and Discussion 

 Previous results from our lab have shown that the rate of O uptake on Ag(111) from 

exposure to gas-phase AO increased as the sample temperature was decreased.  In addition, a 

‘striped’ surface phase appeared when qO,tot > 0.5 ML, uniformly covered the surface, and 

remained unchanged as qO,tot increased.  The persistence of this phase and lack of change in the 

surface structure with continued O uptake suggests that the oxygen was incorporated into the near 

surface region of the solid (selvedge), and thus phase growth was from below.  This behavior 

suggests competition between surface diffusion and diffusion into the selvedge once an impinging 

O atom interacts with the Ag(111) surface16, 18.  At Ts greater than 500 K, sufficient O was adsorbed 

to form a complete surface adlayer with qO = 0.375 ML O in the p(4×5√3) reconstruction.  Once 

the surface was covered, O atoms that diffused towards the surface would find no stable adsorption 

sites, and therefore would promptly recombinatively desorb as O2.  Alternatively, diffusion of O 

into the selvedge would free up the initial surface adsorption sites, allowing for further uptake of 

O.  This model is sensible, as Oad was stable up to above 575 K, meaning the desorption rate of 

Oad was insignificant for Ts < 550 K, and the amount of oxygen was not observed to exceed qO = 

0.375 ML (saturated Oad) for AO exposures between Ts = 500 K and 525 K.  Therefore, at these 

temperatures, diffusion towards the surface was favored over diffusion into the solid, leaving only 
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Oad.  Alternatively, for AO exposures with Ts < 500 K, a lower temperature desorption feature was 

observed in the TPDs that did not appear to saturate at the lowest Ts (475 K) investigated.  This 

suggests that with decreasing sample temperature, the relative rate for diffusion into the solid 

became greater than the rate for diffusion to the surface.  The presence of a saturated surface was 

apparently necessary for subsurface incorporation, as both the LEED and STM showed the 

coexistence of different O-induced surface reconstructions until the onset of the striped phase, 

which occurred in concert with the total O coverage exceeding ≈ 0.5 ML16, 18.  As a result, O 

became stably embedded in the solid and the total O uptake exceeded the O surface coverage.   

 In the previous experiments, O uptake monotonically increased with decreasing 

temperature.  However, as the temperature decreased so should the diffusion rates.  Therefore, at 

some point the dissolved atoms would have insufficient energy to move away from the initial 

absorption sites, preventing additional O atoms from sticking.  In order to determine if this was 

indeed the case, we exposed Ag(111) to AO at a variety of sample temperatures between 500 K 

and 425 K and quantified the total oxygen uptake using TPD.  In order to ensure that we minimized 

 
Figure 1: TPD spectra after exposure of Ag(111) to AO at 500 K (pink), 475 K (orange), 450 
K (green), and 425 K (blue).  The AO exposure was A) 300 s (0.48 L O), B) 600 s (0.96 L O), 
C) 900 s ( 1.44 L O), and D) 1200 s (1.92 L O), where 1 L (Langmuir) corresponds to an AO 
exposure of 1´10–6 Torr s–1, equivalent to one incident O atom per surface Ag atom per 
second.  All TPD spectra were obtained with a ramp rate of 3 K s–1. 
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any kinetic interferences of O diffusion into or out of subsurface sites, the incident flux of O atoms 

was reduced to 1.6×10–3 ML s–1, compared to ≈ 3 ×10–3 ML s–1 in our previous publications 16, 29.  

TPD plots of O2 desorption are shown in Figure 1 for AO exposures of 300, 600, 900, and 1200 s 

at Tsample = 500 K (pink), 475 K (orange), 450 K (green), and 425 K (blue).  In Figure 1, it is evident 

that there was a single desorption feature at 590 K (pink trace) that did not vary with exposure 

time or Tsample.  This desorption peak corresponded to the desorption of adsorbed oxygen from the 

qO = 0.375 ML p(4x5√3) surface reconstruction previously observed for AO exposure 

temperatures of 500 K or above.  When Ts < 500 K, the surface was comprised of several domains, 

as seen in previous STM images16, until a total oxygen coverage of around qO ≈ 0.5 ML was 

reached.  As the coverage was increased, the surface changed to a striped phase that was observed 

using both STM and LEED.  At Ts = 500 K, there was no evolution in the oxygen desorption 

features with increased AO exposure (Figure 1A to 1D), but for Ts = 475 K, 450 K, and 425 K, a 

second desorption peak developed at around 560 K.  The intensity of this peak increased with 

exposure for these three temperatures, but a monotonic relationship between intensity and 

 
Figure 2: The total oxygen yield (qO,total) plotted versus the AO exposure time on Ag(111).  
At 500 K (pink) AO uptake ceases after 300 s, but O continues to stick for exposures below 
500 K.  Below 450 K, uptake is attenuated, as indicated by the decreased uptake at 425 K 
(blue) compared to 450 K (green).  The incident AO flux was the same for all exposures.  The 
lines are to guide the eye. 
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decreasing surface temperature was not observed.  There were, in fact, two distinct phases of 

desorption feature evolution; the peak was observed to grow going from Ts = 475 K to 450 K, but 

then decreased when the temperature was lowered further from Ts = 450 K to 425 K. 

 The uptake of O on Ag(111) with respect to AO exposure time and Ts is shown in Figure 

2.  The decrease in uptake for Ts = 425 K compared to Ts = 450 K may be explained by a decrease 

in the diffusion rate of oxygen atoms in the selvedge because of the decreased thermal energy, as 

discussed above, and the net result was a decrease in the O uptake rate.  Therefore, although O 

atoms likely had a high initial sticking probability on the Ag surface, no matter the surface 

temperature, the decrease in uptake rate was because they could not be stably embedded in the 

selvedge or on the surface as Oad.    The narrowness of the temperature difference (25 K) suggests 

that only modestly higher temperatures were sufficient to activate diffusion.  At Ts = 450 K, the 

initial absorption sites were more readily vacated by diffusion; this enabled more O atoms to stick 

and then be incorporated into the near-surface region.  This delicate balance between surface site 

population and diffusion into the near-surface region accounts for the increase in sticking seen at 

Ts = 450 K when compared to Ts = 425 K.   

 As Ts continued to increase, diffusion into the selvedge was in competition with diffusion 

to the surface.  Again, under these conditions, the surface was most likely saturated with O in one 

of the surface reconstructions, so surface adsorption sites were unstable.  Therefore, the increased 

diffusion to the surface resulted in a decrease in total oxygen incorporation as Ts increased from 

Ts = 450 K to 475 K or 500 K.  Furthermore, the apparent surface–only sticking at Ts = 500 K 

supported this simple, qualitative model for oxygen adsorption and diffusion on Ag(111), if 

diffusion to the surface was faster than diffusion to the selvedge, less O would stick.  These 

observations were further evidence that any additional adsorbed oxygen past qO = 0.5 ML 
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equivalence, characterized by the c(4×8) reconstruction, included subsurface oxygen (Osub), and 

the striped phase previously reported was a 3-dimensional phase consisting of both Oad and Osub.  

The next part of our analysis of oxygen on Ag(111) consists of high-resolution XPS to identify the 

oxygenaceous species that were present for Ts < 500 K. 

 The XPS experiments were conducted at the XPS end station on beamline 4-ID-C at 

Argonne National Lab’s Advanced Photon Source (APS).  Although we were unable to 

characterize the Ag(111) surface with TPD at APS, we were able to compare the LEED patterns 

to those previously obtained at Loyola University Chicago (Loyola) and determined that the same 

surfaces were prepared at both Loyola and the APS.  As shown in Figure 3, the LEED patterns for 

AO exposures of Ag(111) at Ts = 525 K and 475 K taken at both locations were in agreement.  

However, the apparent flux of O atoms on the Ag(111) surface was roughly a factor of two to three 

times lower at the APS, as indicated by an increased AO exposure time necessary for the LEED 

patterns to match our previous results16.  Although we previously found that increased AO fluxes 

 
Figure 3: Comparison of LEED patterns taken on Ag(111) after AO exposures at the APS 
(left, blue tint) and Loyola (right, orange tint) for exposure temperatures at Ts = 525 K (A and 
B) and Ts = 475 K (C and D).  The exposure times are indicated at the bottom of each image.  
The LEED patterns collected at Loyola were with an energy of 52 eV and at APS, 65 eV. 
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could cause oxide formation18, the fluxes used in these studies were insufficient for oxide growth.  

Additionally, as discussed above, within the range of fluxes used at the APS and Loyola, the TPD 

spectra and O uptakes scaled linearly with flux and no differences were apparent in the TPD 

spectra.  The key findings from the LEED patterns were that the same p(4×5√3) surface 

reconstruction and striped LEED pattern were observed after AO exposures at Ts = 525 K and 475 

K, respectively at both locations.  We are confident that the surface preparation methods used at 

the two facilities were equivalent, so XPS measurements could be used to elucidate the 

corresponding oxygenaceous species formed on Ag(111) from AO exposures. 

 Our TPD experiments showed that O atoms were incorporated into the selvedge of the 

Ag(111) crystal for AO exposures with Ts < 500 K, yielding a striped LEED pattern and STM 

images of a striped surface.  The XPS measurements taken at the APS show the same 

characteristics previously assigned to a ‘bulk-like’ Ag2O species reported previously19, 25.  

Additionally, as we will show, the combination of previous STM images and the XPS data herein 

demonstrate that the c(4×8) and p(7×7) phases reported previously19, 25 are likely precursors of or 

the same species as the striped phase which has the characteristics of a 3-dimensional bulk-like 

oxide that decomposes in a sharp desorption feature below 590 K in our TPD measurements.  Let 

us now discuss the data obtained and show how this conclusion was reached. 

We will first discuss the XPS results from AO exposures with Ts > 500 K, where STM 

images, TPD measurements, and LEED show that only Oad was present in the p(4×5√3) 

reconstruction.  As shown in Figure 4A, the O 1s XPS spectra had a single photoelectron peak 

corresponding to Oad, aside from a peak near 530 eV corresponding to adsorbed OH (discussed 

below).  The Ag 3d5/2 peaks are shown in Figure 4B, where the peak at 368.2 eV has a prominent 



12 

shoulder.  In Figure 4C, the deconvolution of the Ag 3d5/2 XPS peak is shown, using the 

assignments from Ref. 19 where the XPS peak at 368.2 eV corresponded to bulk Ag and the 

shoulder was actually comprised of three components; Ag in the surface reconstructions (AgR, 

367.7 eV), Ag in the furrows below the O atoms (AgF 368.0 eV), and a component that 

corresponded to a bulk-like Ag oxide (AgOx, 367.3 eV).  The lack of significant contributions from 

AgOx, and the approximate 3:1 ratio of AgR (367.7 eV) to AgF (368.0 eV) suggested these XPS 

 
Figure 4: XPS spectra of clean Ag(111) after various AO exposures at 525 K; the spectra are 
normalized to the peak maximum.  A) shows the O 1s region and B) and C) show the Ag 3d5/2 
region.  In A) and B) the dashed lines are with an X-ray incidence angle of 30° (surface 
sensitive) and the solid lines are with a 60° incidence angle (bulk sensitive).  The O1s data 
also show little change in the peak at 528.2 eV (Oad).  The peak at 530.3 eV is from adsorbed 
OH. The Ag 3d5/2 spectra show little change after 120 s AO exposure for either X-ray angle.  
C) shows the XPS spectra and deconvolution recorded after 600 s AO at Ts = 525 K.	
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peaks were entirely from the oxygen-induced surface reconstruction of Ag(111).  Previously, we 

saw no further changes in the TPD, LEED, or STM with increased AO exposure, suggesting the 

surface was saturated after 300 s AO exposure16, 18.  When O atoms encountered the Ag(111) 

surface at temperatures with Ts < 500 K, the TPD showed an additional low-temperature 

desorption peak and the structure underwent a co-existence of several surface reconstructions to 

eventually reach the striped phase observed with STM and LEED.  This new structure indicated 

the formation of a new phase, distinct from any of the previously reported surface reconstructions.   

The differences in the XPS spectra are clear when comparing AO exposures at Ts = 525 K 

(Figure 4) to those at Ts = 475 K (Figure 5). For XPS taken after AO exposures at Ts = 525 K only 

a single O 1s XPS peak at 528.2 eV was observed.  This same peak was also present after AO 

exposures at Ts = 475 K, but it decreased in intensity with continued AO exposure.  This did not 

occur with Ts = 525 K.  In addition, at Ts = 475 K the overall O 1s XPS peak shape broadened, 

and a second oxygenaceous species developed, as indicated by a second maxima near 528.9 eV.  

Such behavior was previously reported for AO on Ag(111)19.  The 528.9 eV component  eventually 

became nearly as intense as the 528.2 eV peak (Figure 5A), which corresponded to Oad.  A third 

component above 530 eV was also observed in the O 1s XPS data (Figure 4A, 5A and 5C), and is 

assigned to adsorbed OH from the chamber background, in agreement with others19, 23, 27, because 

of the following: the intensity was independent of AO exposure; there was no apparent change in 

the observed LEED patterns; and the peak intensity seemed to scale with the time interval since 

the last Ag(111) cleaning. Finally, this peak was more intense with the 30° X-ray geometry, as 

shown in Figure 4A, further suggesting it was a surface-adsorbed species.   
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The deconvoluted XPS spectra taken after a 1500 s AO exposure at Ts = 475 K are shown 

for the O 1s and Ag 3d5/2 regions in Figure 5A and 5B, respectively.  Figure 5C and 5D show how 

the O 1s and Ag 3d5/2 XPS spectra changed with increasing AO exposure.  Additionally, Figure 6 

shows the fractional composition of the Ag 3d5/2 and O 1s XPS peaks as a function of AO exposure.  

As O accumulated on the surface, the Oad O 1s peak at 528.2 eV (Figure 6B, teal) decreased in 

intensity while the new O 1s component at 528.9 eV (Figure 6B, pink) became more significant.  

In concert, the Ag 3d5/2 peak went from a single peak at 368.2 eV to a broad peak comprised of 

four components with binding energies less than 368 eV (Figure 6A).  The intensity of these new 

Ag components grew at the expense of the bulk Ag peak at 368.2 eV.  At the 60 s exposure, there 

was only a shoulder on the bulk Ag peak, and the O 1s peak at 528.9 eV was still small.  At this 

 
Figure 5: XPS spectra of Ag(111) after AO exposures at Ts = 475 K, where the LEED and 
STM show the striped phase.  A) and B) show the O 1s and Ag 3d5/2 regions, respectively, 
and the deconvoluted spectral components.  The peaks at 528.9 eV (O 1s) and 367.7 (Ag 
3d5/2) correspond to oxidic O/Ag and suggest a 3-dimensional phase.  The evolution of the 
XPS spectra are shown in C) for the O 1s and D) for the Ag 3d5/2 regions for increasing AO 
exposure.  
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point the surface was about half covered in the p(4´5√3) reconstruction, as indicated by the TPD 

data in Figure 2 and the structural information from LEED and STM16.  With additional AO 

exposure, the O 1s component at 528.9 eV became more intense, while the Ag 3d5/2/ peaks became 

broader because of the contribution of the AgOx component at 367.3 eV and the decrease in the 

AgB component at 368.2 eV.  Throughout these changes, the contribution of the AgR component, 

corresponding to Ag in the surface reconstruction, changed little, suggesting its concentration was 

roughly constant.  AO exposures longer that 600 s yielded the striped phase, as indicated with 

LEED, STM, and TPD, and this was the point at which the composition of the Ag 3d5/2 peak 

changed less, but the peak decreased in overall intensity.  However, in the O 1s region, the peak 

composition continued to evolve; the 528.9 eV component grew linearly with AO exposure while 

the 528.2 eV component decreased monotonically.  The increase in oxygen content is evident in 

the increased area under the O 1s XPS peak. 

The concomitant change in the XPS spectra and the LEED pattern indicate that the O1s 

peak at 528.9 eV and AgOx peak at 367.3 eV correspond to the development and growth of the 

striped phase on Ag(111).  Although the Ag 3d5/2 component at 367.3 eV  was originally attributed 

to impurities, but it was more recently assigned to a bulk oxide-like component19, and our results 

 
Figure 6: Plots of the contribution of each spectral component to the total signal for A) Ag 
3d5/2 and B) O 1s.  In A), the components are bulk Ag (AgB), Ag in the surface reconstruction 
(AgR), Ag atoms immediately beneath the adsorbed oxygen (AgF), and Ag incorporated into 
the oxidic phase (AgOx).  B) The O 1s spectrum can be separated into two components, one at 
528.2 eV (teal) and the other at 528.9 eV (pink).  
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are in line with this assignment.  We believe that these peaks are the signature of the 3-dimensional 

phase that incorporates subsurface oxygen.  It is not clear whether or not this was an oxide 

 
Figure 7: A) and B) show XPS spectra of the O 1s region for Ag(111) after exposure to AO 
at Ts = 450 K and annealing at 525 K for different times.  A) was taken with the X-rays at 60° 
from surface normal (bulk sensitive) and B) was taken at 30° from surface normal (surface 
sensitive). C) Shows the relative contribution of the 528.2 eV and 528.9 eV components, 
highlighting how O in the selvedge (more pronounced at 60°) contribute to the XPS spectrum.  
Annealing increases the overall intensity, with the 528.2 eV peak increasing at the expense of 
the 528.9 eV peak.  The composition of the O 1s peak after the 1200 s anneal (pink/solid) is 
similar to the spectra from the Ts = 475 K AO exposures in Figure 5, as are the relative 
contributions of the two oxygenaceous peaks.	
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precursor, as oxides were not observed to form under the conditions employed.  The sharp 

desorption feature in the TPD spectra at a lower temperature suggests that it was a metastable 

phase, rather than a formal oxide.  In addition, the strong temperature dependence of this phase 

(hindered both above and below Ts = 450 K) gave this feature the characteristics of a dissolved, 

mobile phase, rather than the growth of separate domains of AgnO oxides.  Finally, we explored 

the thermal stability of this phase by following the changes in the XPS spectra by annealing the 

oxidized Ag sample. 

 Figure 7 shows the XPS spectra taken after exposing Ag(111) to AO for 300 s at Ts = 450 

K.  AO exposure at Ts = 450 K results in maximum O uptake, and the LEED shows a striped 

pattern.  Both the spectra for X-ray incidence of 60° (bulk sensitive) and 30° (surface sensitive) 

are shown to determine whether the O 1s component was only present on the surface or if it was 

also in the selvedge.  As shown in Figure 7C, after AO exposure at Ts = 450 K both the O 1s 

components were of equal intensity for 30° (surface), but at 60° (bulk) the 528.2 eV component 

was slightly larger.  This suggests that both components penetrated into the selvedge and that the 

528.2 eV component was either less strongly attenuated or deeper than the 528.9 eV component.  

Annealing this as-dosed sample at 525 K for 600 s altered the O 1s spectral components for both 

X-ray angles; the 528.2 eV component grew while the 528.9 eV component shrank.  The relative 

decrease in the 528.9 eV component was greatest for the first anneal.  Further annealing had less 

effect on the intensity or spectral composition.  The changes were less pronounced for the 30° 

incidence than at 60°, but the decrease was larger for the 528.2 eV component at 30° than 60°.  

This could indicate further dissolution of O into the selvedge (indicated by the temperature 

relationship for the O uptake), but was unlikely to be the result of a decrease in O via desorption, 

as the TPD spectra were unchanged and the LEED still showed the striped pattern after the second 
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anneal.  In any case, the 3-dimensional, oxidic phase was stable up to 525 K (above which, the 

phase decomposed as seen in the TPDs), and after annealing appeared very similar to the XPS 

spectra in the O 1s region taken after AO exposures at Ts = 475 K, indicating that the species 

formed at 450 K was converted to the 475 K species. 

 The key findings herein are that the XPS data confirm that the same surface and near-

surface oxygenaceous species were formed using UHV-compatible gas-phase AO as were 

observed by others using the same oxidant, as well as those employing high-pressures of O2 or 

NO2.  The structural analysis (STM or LEED) agreed, as did the chemical speciation from XPS.  

This means that AO enabled the preparation of surfaces akin to those formed under high-pressure 

conditions, which were then characterized using high-precision UHV techniques.   

In addition, the nature of the previously reported striped phase is clearer.  The striped phase 

is not just a surface phase, but extends into the subsurface, as indicated by the dramatic changes to 

the Ag 3d5/2 XPS spectra with increasing AO exposure and evolution of the O 1s spectra.  

Previously, a single layer of Ag2O on Ag(111), forming a (7´7) structure, was thought to give the 

peaks at 528.9 eV in the O 1s level and 367.7 eV in the Ag 3d5/2 region19, 26.  We agree with Martin, 

et al.19, that the p(4´8) reconstruction is a precursor for bulk species, but believe the (7´7) is more 

likely to be the striped phase we observed.  This is because the striped phase we prepared has the 

same increased prominence of the AgOx component at the expense of AgB in the Ag 3d5/2 spectra, 

as reported for the (7´7) reconstruction.  The rapid onset of this phase covering the surface 

suggests that either the p(4´8) becomes the striped phase with additional O, or that Ag may only 

accommodate a small (< 0.1 ML equivalents) amount of subsurface oxygen before growth of the 

striped phase.  Although we did not observe the formation of bulk silver oxides, it stands to reason 

that this phase is a precursor to oxide formation.  Presumably, this phase is metastable to the oxide, 
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and under oxygen-rich conditions and elevated temperatures (> 750 K), the oxide would be likely 

to grow26.  However, as shown in our TPD experiments, increasing the temperature greatly reduced 

the concentration of oxygen beneath the surface, thus limiting oxide formation.  This agrees with 

XPS studies of catalytically active silver, where oxides were not observed33. 

Conclusions 

 Gas-phase atomic oxygen readily stuck to both the surface and in the selvedge of Ag(111).  

Exposures at or above Ts = 500 K yielded only surface-bound, adsorbed oxygen, in the p(4´5√3) 

surface reconstruction.  XPS spectra taken for such exposures showed a single O 1s component 

corresponding to the Oad and the development of components in the Ag 3d5/2 region that 

corresponded to Ag atoms in the reconstruction.  At temperatures below Ts = 500 K, oxygen 

abundances in excess of 0.375 ML (saturated Oad) were observed and this additional oxygen was 

in a 3-dimensional phase with both surface and bulk components.  The O uptake was maximized 

at Ts = 450 K, indicating that bulk diffusion was necessary for growth of this phase; at lower 

temperatures diffusion was hindered, and above Ts = 450 K, diffusion to the surface (and 

subsequent recombinative desorption of O2) overcomes “downward” diffusion.  There were clear 

XPS features corresponding to the 3-dimentionsal phase in both the O 1s and Ag 3d5/2 regions, and 

this phase was stable up to 525 K, above which it decomposed as a sharp peak in the TPD 

experiment.  Because the striped phase was present at catalytically relevant temperatures (≈ 500 

K) and in an oxygen–rich environment, it potentially plays a role in partial oxidation reactions 

over silver catalysts. 

Supporting Information 

Supporting Information.  Survey XPS spectra of clean and oxidized Ag(111) and refinement of 

TPD data  
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