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Abstract

Surface structure and oxidation are key to silver-based heterogeneous catalysis.

Prevention of surface reconstruction may favor electrophilic oxygen, which is believed

to be the active species in silver-catalyzed oxidation. To determine whether terrace

width or step geometry enables control of oxidation and concomitant reconstruction,

we investigated oxidation of the topmost layer of a curved Ag(111) crystal. This crystal

contains a range of terrace widths having either A or B-type step geometries. Atomic

oxygen was used to facilitate oxidation, Temperature Programmed Desorption quanti-

fied the extent of oxygen adsorption, and Scanning Tunneling Microscopy characterized

formation of reconstructed areas. While A-type steps prove to have little influence, B-

type steps hinder reconstruction. We attribute the difference to geometric-dependent

growth mechanisms of silver oxide surface reconstructions.
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Introduction

Since the 1970’s, significant effort has gone into the characterization of oxidized silver (Ag)

surfaces to determine the oxygen species present and their chemical behavior.1–6 This effort

is largely motivated by the industrial relevance of partial oxidation reactions over silver cat-

alysts, particularly the industrial transformation of ethylene to ethylene oxide and methanol

to formaldehyde at temperatures above 500 K.7–11 While consensus has emerged regarding

many details of the mechanisms for these reactions,12–15 the exact nature of the reactive

oxygenaceous species is still under debate. In particular, the importance of surface recon-

structions and defects are active areas of research, where the goal is to use an atomic-level

understanding to further develop the heterogeneously catalyzed chemistry of silver. 11,14,16–21

Different oxygenaceous phases may form on silver surfaces depending on the conditions,

and several have been characterized using a combination of experimental and theoreti-

cal methods.1,6,11,16,22–24 These reconstructions reflect different atomic arrangements and

amounts of oxygen incorporation. Although oxygen in the reconstructions is reactive, the

reconstructions are comprised of nucleophilic oxygen, which is attributed to formation of

combustion products. The electrophilic oxygen thought to be responsible for the partial ox-

idation of ethylene under industrial catalytic conditions is not expected to be present in the

reconstructions.17,24,25 Because this potentially enhances the amount of catalytically active

oxygen present on the surface, it is interesting to mitigate the formation of the reconstruc-

tions.

Shape control may aid in optimizing catalytic activity of Ag particles for various rea-

sons26,27 and could mitigate formation of reconstructions. It is known that the atomic

arrangements of flat terraces influence the surface reactivity of silver.28,29 For example,

Ag(100) surfaces do not undergo the extensive oxygen-induced reconstructions that occur

on Ag(111).30,31 Beyond the atomic arrangement of terraces, there is also an emerging un-

derstanding of the subtle role of step geometry on the reactivity of catalytic surfaces. 32–34

Savio et al. used molecular beams to show that O2 dissociation and subsequent subsurface
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oxygen (Osub) formation on Ag were facilitated by open step geometries.35 However, their

studies mostly used surfaces with a (100) terrace structure,36 rather than the low-energy

(111) facets generally proffered by small particles of fcc metals in catalytic applications.

Finally, oxygen-induced surface reconstructions on Ag(111) planes, such as the p(4 × 4) or

p(4 × 5
√

3 ) reconstructions, consist of multiple unit cells and require a significant local

adsorbed oxygen (Oad) concentration.10,11,23 Narrow terraces on small particles may not be

able to host such reconstructions and thus, show more resilience towards oxidation. To guide

intelligent shape control and improve catalyst performance, our study aims to improve un-

derstanding of the influence of common close-packed defect (step) types and terrace types

prone to reconstruction.

Curved single crystal surfaces provide a powerful approach for connecting chemical reac-

tivity to step density and geometry.31,37–40 The curved surfaces expose a systematic range of

step defect densities where the step geometry and terrace widths are indexed by the position

across the face of the curved single crystal surface. Auras and Juurlink recently reviewed

the advances in the applications of such crystals in surface science and catalysis.41 While

many different metallic and more recently, metal oxide materials have been used, curved Ag

surfaces appeared in only three studies thus far.42–44 Crystals with a (111) apex separating

sides containing A and B-type steps42–44 and a symmetric crystal with a (100) apex and A’

type steps42 both predominantly exhibited the expected variation in step density across the

crystal. Beyond the very subtle difference in reversible water adsorption to these terraces

and steps,42,43 there have been no reports of the chemical reactivity of curved Ag surfaces.

In this paper, we report results from an investigation of atomic oxygen adsorption on

a curved Ag(111) single crystal surface with two types of close-packed steps, A-type and

B-type. The crystal shape, size, and orientation are specified in the notation of Auras and

Juurlink as c-Ag(111)[110]R31◦.41 A-type steps are characterized by a square arrangement

of atoms along the step facet while B-type steps have a triangular arrangement of atoms. 41

We show that the extent of surface reconstructions of the (111) terraces was dependent
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on the terrace width and step geometry. Formation of oxygen-induced reconstruction was

strongly hindered on the side containing B-type geometry steps, yet reconstruction proceeded

readily at the (111) apex and on the A-type step side. Additionally, on A-type stepped

surfaces, we found extensive planarization. These findings impact the expected behavior

of Ag nanoparticles under oxidizing conditions and present a means of potentially tailoring

their catalytic behavior.

Experimental

Experiments were performed in an ultra-high vacuum scanning tunneling microscope (UHV-

STM) system described previously.45 The system consists of two interconnected chambers, a

preparation chamber (base pressure of 1 × 10−10 Torr) and an STM chamber (base pressure

of 4 × 10−11 Torr). The preparation chamber was equipped with a Specs ErLEED 150 with

3000D controller (LEED), a PHI 10–155 Auger Electron Spectrometer (AES), and a Hiden

HAL 3F 301 RC quadrupole mass spectrometer (QMS) for temperature programmed des-

orption (TPD) analysis. The curved Ag(111) crystal (c-Ag(111)) was obtained from Surface

Preparation Labs (Zaandam, NL) and was described in detail in a previous publication.42

The 8 mm long c-Ag(111) was cut at a 31° angle from a circular cylindrical crystal and

polished to expose the (111) surface at the apex, the (110) steps or B-type steps on one side

(+ x direction), and the (100) or A-type steps on the other side (- x direction). The STM tip

had a range of ± 2.5 mm from the crystal apex at an imaging temperature of ≈ 35 K, which

allowed for imaging from about 3 mm off the apex in the B-type step direction to about 2

mm off the apex in the A-type step direction. We focused on the region between 1–2 mm

from the apex on both sides of the crystal in this report. The crystal was cleaned using es-

tablished procedures,42,43 and cleanliness was verified with LEED and STM. Atomic oxygen

was generated by backfilling the preparation chamber with O2 (P = 5 × 10−7 Torr) that was

thermally cracked over a hot Ir filament positioned about 1 - 2 mm from the front face of
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the crystal.16,46 The atomic oxygen exposure across the crystal face was uniform and normal

to the top (111) facet; the curvature resulted in only modest attenuation of the O-atom flux

towards the edges of the crystal and was the same on both sides. In between atomic oxy-

gen doses, the crystal surface was restored by sputtering and annealing. The STM chamber

housed a Pan Style RHK Scanning Tunneling Microscope with a closed cycle helium cryostat

that reached a base temperature of 30 K or below. All images were taken at 35 K. STM

tips were fashioned using the cut and pull technique from 0.25 mm diameter Pt0.8Ir0.2 wire.

All images were recorded in constant current mode and were processed using the Gwyd-

dion software package (available at http://gwyddion.net). The images used were processed

minimally (e.g., cropping, mean plane subtraction or three-point plane subtraction, and/or

removal of streaks or blemishes). Line profiling was done on uncorrected STM images for

determination of chemisorbed oxygen coverage (Oc), terrace width, and step density.

Results and Discussion

In order to determine whether O-induced reconstructions of the Ag(111) plane are hindered

by particular types of steps or the width of terraces, we used STM to image the surface after

various atomic oxygen (AO) exposures to determine structural changes to the surface. Prior

to oxidation, though, we imaged and characterized the clean c-Ag(111) surface to provide a

structural reference. Figure 1 shows representative STM images of the clean surface at 1.0

mm, 1.5 mm, and 2.0 mm from the apex in both the A-type (left column, color coding in blue)

and B-type (right column, color coding in red) step directions. The images show regularly

spaced steps with predominantly straight step edges. We observed neither significant levels

of impurities nor step bunching and/or merging. Some step bunching on the far edges

of the clean crystal was found,42 but these regions were not relevant to the study herein.

Step densities, ρstep, were calculated from line profiles taken normal to the step directions.

We used the downhill direction scan after confirming that the uphill direction scan yielded
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Figure 1: STM images of clean c-Ag(111), (left column) A-type step side of the crystal and
(right column) B-type step side of the crystal. The location relative to the apex (x position,
mm) and image size (nm2) is noted to the left of the images. Imaging conditions are as
follows: 1.0 A [560 mV, 400 pA] ; 1.5 A [450 mV, 400 pA] ; 2.0 A [440 mV, 370 pA] ; 1.0 B
[400 mV, 400 pA] ; 1.5 B [500 mV, 400 pA] ; 2.0 B [400 mV, 400 pA]
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similar results. Results are plotted in Figure 2 (circle markers) with error bars reflecting one

standard deviation from multiple measurements. Also shown is the step density expected

for the ideal bulk-trunctated surface (solid lines) determined using41

ρstep = x×
√

3

r × a
(1)

where x is the displacement from the crystal apex, a is the bulk Ag lattice parameter (4.08

Å), and r is the radius of the sample (15 mm). The step heights were verified at various

positions across the crystal. The average step height was ≈ 2.4 Å, in agreement with the

literature.47 Thus, our findings confirmed the applied cleaning procedures yielded a clean

surface with a smooth step density variation for this curved Ag(111) crystal.

Figure 2: Experimentally determined step density, ρstep, versus position along the curved
surface as measured in mm from apex. Blue circles at negative values refer to A-type (100)
steps and red circles at positive values refer to B-type (110) steps. The solid lines are the
ideal step densities calculated from the crystal geometry.

The c-Ag(111) crystal surface was subsequently exposed to various amounts of atomic

oxygen with the surface temperature (Ts) held at 525 K. The atomic oxygen source em-

ployed48 yielded an O atom flux at the crystal surface of (1.2 ± 0.6) × 10−3 ML s−1 (ML
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Figure 3: TPD spectra from c-Ag(111) after atomic oxygen exposures of varying duration.
All spectra were obtained with a ramp rate of 3 K s−1. Unless noted, all atomic oxygen
exposures were at Ts = 525 K. Inset shows integrated desorption (θO) in ML versus atomic
oxygen exposure time in seconds.
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is defined with respect to Ag(111); 1 ML = 1.8 × 1015 Ag cm−2). The flux was calculated

assuming unity sticking probability at low θO. The Ir filament used for atomic oxygen dos-

ing was positioned to evenly dose atomic oxygen across the entire crystal face. The uniform

atomic oxygen flux at the crystal surface was verified using a planar Ag(111) crystal. We

monitored the amount of O that stuck to the Ag(111) surface and found that it did not

change by translating the crystal lengthwise ± 5 mm from the c-Ag(111) dosing position.

Considering that the curved crystal surface was only 8 mm long and that we imaged the area

± 2 mm from the apex in this study, the atomic oxygen flux was uniform across the relevant

part of the crystal face. After atomic oxygen exposure, the crystal was cooled to ≈ 35 K,

STM images were obtained, and Temperature Programmed Desorption (TPD) spectra were

taken. The latter were used to define the total uptake of atomic oxygen by the crystal by

integration of the recombinative desorption peaks, and these spectra form the basis for the

determination of the oxygen coverage. Figure 3 shows representative TPD spectra after sev-

eral atomic oxygen exposures, and the inset shows the relationship between oxygen coverage

(θO, in ML O) and atomic oxygen exposure time. The TPD spectral characteristics agreed

with spectra from similar exposures on planar Ag(111).16,22,45 After atomic oxygen exposure

at Ts = 525 K, Oad recombinatively desorbed in a TPD measurement as a single peak near

575 K. With increasing atomic oxygen exposure time, the peak area grew monotonically

until 1200 s where θO ≈ 0.4 ML O, and O uptake ceased. As has been previously reported,

the single TPD peak after atomic oxygen exposure at Ts = 525 K corresponds to a surface

saturated with oxygen.22 When Ts < 500 K, Osub formed in parallel to the surface bound

O species. The emergence of Osub was characterized by the desorption peak at 550 K in

Figure 3 (dashed purple trace). Note that the surface desorption peak at 575 K remained

unchanged.16,22 In summary, the characteristics of oxygen desorption were very similar for

Ag(111) and c-Ag(111). The peak desorption temperature was unchanged and there were no

additional desorption peaks in the TPD spectra as a result of the presence of A and B-type

steps on the curved Ag(111) crystal.
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Figure 4: STM images obtained after different atomic oxygen exposures at both –2.0 mm
(A) and +2.0 mm (B) on c-Ag(111). All images are 45 x 45 nm2. Imaging conditions are:
A) 500 mV, 400 pA; B) 400 mV, 400 pA; C) 480 mV, 460 pA; D) 600 mV, 490 pA; G) 400
mV, 460 pA; H) 440 mV, 460 pA. Panels E) and F) are the line profiles depicted in C) and
D).
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In contrast to the similarities between planar and curved Ag(111) TPD spectra, STM

images clearly show that the local oxygen uptake and extent of reconstruction differed be-

tween the A and B-type step sides of the c-Ag(111) crystal. Figure 4 shows a series of

representative STM images taken at −2.0 mm (A-type steps) and +2.0 mm (B-type steps).

The average terrace width on the clean Ag surface at these positions corresponded to ap-

proximately 7 atomic rows of the (111) terrace. On the side with A-type steps, O uptake

and reconstruction proceeded in a similar fashion to planar Ag(111).11,22,23,45 Initially, we

observed scattered chemisorbed O (Oc) atoms on the flat terraces (Figure 4A), and a roughly

factor of two decrease in step density from the clean surface, while the steps remained 2.4 Å

high. Oc appeared as dark depressions. With continued atomic oxygen exposure, the surface

reconstructed into the p(4 × 5
√

3) and p(4 × 4) reconstructions, as shown in Figure 4C.

The reconstructions appeared elevated relative to neighboring Ag patches by approximately

1.0 Å. The contrast was as expected for the bias between STM tip and surface.49,50 While

some terraces were completely reconstructed, others were not. Where we observed remaining

Ag patches with some Oc, the Ag step edges were straight and remained along the original

direction of the clean stepped surface. Figure S1 provides a larger version of the same image

with these edges marked. A line scan along the dashed blue line in Figure 4C is shown

separately in Figure 4E. This shows the heights between Ag planes (2.4 Å) and the apparent

elevation of the reconstructions (1.0 Å). These figures also illustrate how the step density

decreased further upon oxidation. While Figure 4A shows approximately 12 steps, Figure

4C shows only 3 steps. After prolonged exposures, the surface was covered with domains of

p(4 × 5
√

3) and p(4 × 4) reconstructions. This is shown in Figures 4C and 4G. Formation

of larger reconstructed areas repelled atomic steps. STM images suggested that the steps

were conserved, possibly also resulting in nano-faceted areas. The steps likely migrated and

bunched with the growth of reconstruction on the terraces. Figure S3 shows an STM image

where the reconstruction planarization appeared to induce step bunching. Additional lines

scans shown in Figure S2 illustrate that the apparent height between reconstructed planes
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remained 2.4 Å.

We found a different development in the uptake of atomic oxygen and the formation of

reconstructions on the B-type step side of the c-Ag(111) crystal. Representative images are

shown in Figures 4B, 4D, and 4H. In contrast to Figure 4A, few Oc atoms were scattered

on the (111) terraces after the 60 s exposure as shown in Figure 4B. After 300 s (Figure

4D) and 1200 s (Figure 4H) of atomic oxygen exposure, terraces were still largely clean with

occasional small, dark triangular patches extending from a Ag step inward on the upper

terrace. The included angle of these patches was 60◦. Neither the contrast in these patches

nor the structure were identical to the regularly observed silver reconstructions appearing

in Figures 4C and 4G. Height profiles, as exemplified in Figure 4F, also show that these

triangular patches appeared lower than the Ag terraces to which they belong. Hence, these

patches were clusters of Oc rather than reconstructions. Furthermore, the step density was

unchanged. As opposed to the A-type step side, where we found extensive reconstruction

and loss of step density, the B-type steps persisted, even after 1200 s atomic oxygen exposure

(Figure 4H). Now, some triangular areas with a p(4 × 4) reconstruction appeared, but not to

the extent seen on the A-type steps. Additionally, the perimeter around the p(4 × 4) patches

had inverted contrast, and individual Oc atoms remained on the otherwise clean terraces.

The oxygen coverage clearly varied between the A and B-type step sides, as shown in Figures

5G and 5H. The B-type steps (Figure 5H) were largely non-reconstructed areas with only a

small amount of Oc, while the A-type steps (Figure 5G) were extensively reconstructed.

The areal fractions of reconstructed areas (frec) on c-Ag(111) were obtained from STM

images taken across the crystal after various atomic oxygen exposure durations. These data

are plotted in Figure 5. At least 20 images were analyzed at each position. In Figure 5,

the black trace shows the rapid development toward a fully reconstructed surface at the

apex, and the reconstruction on the A and B-type step sides are shown by the blue and red

markers, respectively. The solid circles represent ± 1.0 mm and the open circles represent

± 2.0 mm. Instead of plotting frec versus atomic oxygen exposure time, it was plotted with
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Figure 5: Areal fraction of O-induced reconstruction (with θO ≈ 0.4 ML) after atomic oxygen
exposure at Ts = 525 K at various positions across the crystal face. A-type steps: open blue
circles at -2.0 mm, solid blue circles at -1.0 mm. B-type steps: open red circles at +2.0 mm,
solid red circles at +1.0 mm. (111) apex in black.

respect to atomic oxygen exposure in terms of ML O (atoms of O per surface Ag atom).

In particular, the results suggest that areas with A-type steps developed reconstructions

modestly slower than the (111) apex, but the difference between frec at the apex and on the

A-type step side of the crystal was small. On the B-type step side, however, O uptake and

reconstruction were considerably hindered. This effect seems related to the terrace width,

as delayed reconstruction was prominent beyond +1.0 mm from the apex. The results in

Figure 5 shows that oxidation of Ag(111) planes was kinetically controlled by step geometry,

as Oc diffusion is rapid at 525 K. Terraces with average widths of several tens of Å and

B-type step truncation resisted the incorporation of O and reconstruction of the topmost

layer much more so than terraces truncated by A-type steps.

We are only able to speculate on the origin of the difference in oxidation. One possible

explanation for a lower oxygen incorporation rate on the B-type step side of the crystal is

that O2 recombinative desorption was more efficient on B-type steps in comparison to A-

type steps or (111) terrace sites. Such efficient competition with atomic oxygen adsorption

would result in slower O accumulation during atomic oxygen exposure at Ts = 525 K. A

significantly higher desorption rate at B-type steps would imply that O atoms bind less

strongly to B-type steps than to terraces. A lower binding energy for O atoms at B-type
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steps is, however, improbable because such behavior is inconsistent with observations and

density functional theory (DFT) calculations for dissociation of O2 at steps and kinks on

a range of close-packed transition metal surfaces. The scaling relations generally hold, and

Oad are bound more strongly to sites with lower coordination than the (111) terrace sites. 51

An alternative explanation for our observations takes not the level of oxygen coverage

and reconstruction as the starting point, but the observed difference in retention of the

step structure. On the A-type step side, planarization occurred in conjunction with the

appearance of reconstructed areas, while on the B-type step side the step structure remained

mostly intact. This suggests that the diffusivity of steps on the two sides of the crystal

differed during atomic oxygen exposure and formation of reconstructions. On one hand, the

free energies of clean A-type and B-type steps on Ag(111) are known to be nearly identical

from calculation52 and experiment,53 and their diffusivity is already high at temperatures

well below the Ts used here during atomic oxygen exposure.54 On the other hand, pinning

of steps by defects or impurties55 as well as oxygen-induced faceting56 has been documented

on Ag(110). We believe the geometry of the nucleation sites is the key factor behind the

observed difference.

Step structure retention (or lack thereof) may be traced by amount of oxidation as well

as initial nucleation site of reconstruction formation. Loss of diffusivity of the B-type steps

caused by the initial atomic oxygen oxidation would explain why the step structure in Figure

4D and 4H was retained. It also explains why Oc was found at low exposures on the (111)

terraces with A-type steps, but not on the (111) terraces with B-type steps. Formation

of silver oxide phases on Ag(111) requires significant reorganization and expansion of the

lattice, both lateral and normal to the surface. From close examination of more than a dozen

similar images, we found that the smaller oxidized patches were always along the top step

edge on the B-type side, as illustrated by Figures 4D and 4F. Hence, on this side of the

crystal, reconstructions originated from the top of B-type step edges. The line profile in

Figure 4F illustrates that the limited oxidation bordering the step edge had not proceeded
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all the way through to the end of the terrace. The step heights of the line profile depicted in

Figure 4F show a step height between clean steps of 2.4 Å. The growth of the reconstruction

on the step edges decreased the step height to 1.4 Å while initial oxidation simultaneously

pinned the step in place. In summary, we find reason to believe that the B-type steps are

immediately pinned by inital oxidation, and that the oxidized B-type step freezes the highly

stepped structure, which opposes the required ’flexibility’ for reconstruction. For rather

narrow terraces, no variation in terrace width may occur once oxidized.

Scrutinizing images from the A-type step side of the crystal we found that the reconstruc-

tion patches consistently grew from the bottom of steps outward onto terraces, as determined

by line profiling. Hence, while on the B-type step side formation of reconstructions may be

hindered by pinning of steps by oxidation, on the A-type step side, formation of reconstruc-

tion traced the meandering metallic Ag step. These results are illustrated in Figure 4C,

which depicts three steps corresponding to the three shaded regions of the line profiles in

Figure 4E. The left (light yellow in the line profile) and middle (orange) steps were partially

oxidized. The right (brown) step was fully reconstructed. A line profile across the top of

Figure 4C depicts the height difference between the clean metal patches and reconstuction

on the steps shown in Figure 4E in blue. The metal-metal step height was approximately

2.5 Å while the growth of reconstruction on the step diminishes the step height by about 1.0

Å. As the reconstruction grew on the terrace, the step edge meandered, allowing formation

of large reconstructed areas seen on A-type steps. Once the step was fully reconstructed, it

was pinned in place.

The nucleus of reconstruction formation on steps and terraces may have varied in location

for the two types of step edge geometries and local Ag-O step structures. Clearly, our

observations could also be a combination of differences between A and B-type steps, i.e. their

rate of forming reconstructions, their recombinative desorption rates, and their diffusivity

in both the clean and oxidized states. In any case, our results clearly demonstrate that the

narrow B-type steps reduce oxygen-induced reconstruction.
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The observation of increased uptake and reconstruction of oxygen on the A-type step side

of the crystal indicated that the A-type step geometry was more reactive than the B-type step

geometry. The geometry of the A-type steps reconstructed more when exposed to atomic

oxygen when compared to the B-type steps under the same oxidizing conditions. Because

the curved crystal had both A-type and B-type steps in a single sample, they were exposed

to identical oxidizing conditions. Therefore, the step geometry alone dictated the amount of

oxygen accumulation and fractional reconstruction on the crystal. Reconstruction was facile

on terraces with A-type step geometries but not on terraces with B-type step geometries.

Conclusions

Oxygen-induced reconstruction and sticking was hindered on narrow Ag(111) terraces with

B-type step geometry. On these terraces, atomic oxygen exposures yielded only small patches

of reconstruction and low coverages of chemisorbed oxygen. Alternatively, on the A-type

step side, the same exposures caused the terraces to readily reconstruct forming widened

terraces. These findings are relevant to silver-catalyzed partial oxidation reactions as the

step geometry hindered the formation of the undesirable nucleophilic oxygen bound up in

surface reconstruction, and in principle, freed up more of the surface for the heterogeneously-

catalyzed reaction.
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