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Abstract
Using ambient-pressure X-ray photoelectron spectroscopy, here we report the real-time monitoring of
dynamic surface composition evolution of Cu;Au(100) in response to the imposed environmental stimuli.
Segregation of Au to the pristine surface under ultrahigh vacuum annealing leads to the phase separation
with pure Au at the surface and alloyed Au in the subsurface. Upon switching to an oxidizing atmosphere,
oxygen adsorption drives the surface segregation of Cu along with inward migration of pure Au to the
subsurface. Switching to a H, atmosphere results in oxygen loss from the oxygenated surface, thereby
promoting Au surface segregation and reverting the surface to the pristine state with the Au termination.
These measurements demonstrated the tunability of the surface composition of the binary alloy by
utilizing the interplay between the tendency of segregating a more noble constituent to the surface and the

tendency to segregate the more reactive one with the chemical stimuli.
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1. Introduction

Although phase diagrams delineating phase/structure selection in bulk alloys in certain
thermodynamic conditions are well established, the composition and structure of an alloy surface can be
significantly different from those of the bulk due to surface segregation of the alloying element. This
phenomenon has direct relevance to technology-related properties of alloys because the resulting minor
compositional changes at the surface can lead to drastic changes in material properties ranging from the
catalytic performance!?, corrosion resistance®*, kinetics of phase transformation®®, to the mechanical
behavior’8. The circumstances under which surface segregation occurs vary and the nature of the
segregation depends on the specifics of the surrounding environment. It is generally believed that the
element with a smaller surface energy segregates to the surface under idealized conditions>'7, i.e.,
ultrahigh vacuum (UHV), whereas the alloy element that form stronger bonds with gas species becomes
enriched at the surface in a reactive environment>>'%1825 The interest in the surface segregation
phenomena is motivated by utilizing this interplay between the tendency of segregating a more noble
constituent to the surface and the tendency to segregate the more reactive one to tune the surface
composition of alloys. Such fundamental knowledge has great practical importance for manipulating the
properties and functionality of the alloys via exploiting the environmental bias. Until now, this level of
knowledge is still very shallow for everything that goes beyond the idealized UHV conditions. Few
experimental studies on tuning the surface segregation of alloys have been reported and the atomic
processes governing the onset, promotion, and termination of surface segregation under practical
environmental conditions are largely unknown. This lack of knowledge is largely because most surface-
sensitive techniques such as Auger electron spectroscopy (AES), low energy ion scattering spectroscopy
(LEIS) and X-ray photoelectron spectroscopy (XPS) for surface composition measurements are typically
limited to high-vacuum environments.

Our current understanding of surface segregation under reactive conditions is therefore largely
derived from “quench-and-look™ studies. This is, the surface is quenched after a certain amount of

reaction period, followed by an examination of the surface composition. However, dynamic changes in
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the surface composition are difficult to extract with this approach and post-reaction examinations of a
static surface do not often accurately represent its state in the reaction environments. Another issue for
post-examination is atmospheric contamination that may bring controversies in understanding segregation
mechanism. The recent development of new experimental tools with environmental capabilities makes it
now possible to measure the dynamic evolution of surface composition in the presence of gases at
elevated pressures. Ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) is one of these tools
that is capable of monitoring the chemical states and surface composition at the atomic scale and in real
time with the gas pressure varying from UHV to a few Torr?. In this work, we describe AP-XPS
measurements of the dynamic evolution of surface segregation of Cu3;Au(100) in response to
environmental stimuli. We consider here the binary CuszAu for both its fundamental and practical
importance. Cu;Au undergoes the well-known order-disorder phase transition that may have an important
implication for studying the surface segregation behavior. This is because of the interplay between
surface segregation and chemical ordering®!!:?728 where the former results in the occupation of
neighboring lattice sites by the same atomic species at the surface sites whereas the latter causes exactly
the opposite. Practically, the catalytic activities of Au have received a lot of attention. The chemical
properties of the localized Au atoms depend on their surroundings*-*°. A CuszAu surface can be a model
system for establishing the fundamental principles to control the chemical properties by tuning the surface

segregation.

2. Experiments

The ambient-pressure photoelectron experiments were performed at the IOS beamline of the
National Synchrotron Light Source II (NSLS-II), Brookhaven National Laboratory. The AP-XPS system
consists of a sample compartment (main chamber) with the base pressure <5x10° Torr, a SPECS
PHOIBOS NAP 150 hemispherical analyzer, and an Ar-ion sputtering gun. The multiple differential
pumping stages between the main chamber and the hemispherical analyzer result in different gas

pressures in these two chambers by maintaining UHV conditions (lower than 1x10-7 Torr) in the analyzer
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when the pressure in the main chamber is a few Torr. Photoemitted electrons leave the high-pressure
sample compartment through a small aperture in a conical piece into the differentially pumped transfer
lens system toward the electron energy analyzer, allowing for continuously acquiring XPS spectra at
pressures of up to ~5 Torr. The photon energy range of the beamline is from 250 to 2000 eV, which
covers O 1s, C 1s, Au 4f and Cu 2p core levels relevant for the current work. Real-time monitoring of the
surface chemistry and composition evolution was performed by acquiring XPS spectra in situ in the
presence of gas. Identification of the surface sensitivity of each species in the near-surface region was
performed using depth profiling of the chemical composition by variation of the incident photon energy
from 400 eV to 1250 eV. All spectra were collected at the takeoff angle of 20° between the sample
surface and the electron analyzer optics of the XPS spectrometer. Binding energies in each spectrum were
corrected by referring to the Fermi level and to metallic Au 4f;,, at the binding energy of 84.0 eV. XPS
spectra were analyzed using a Shirley-type background with the Voigt function. Line shape of a
Gaussian/Lorentzian sum formula modified by the exponential blend was introduced for accurate peak
fitting and deconvolution. Full width at half-maximum (FWHM) of Au is 0.5-0.6 ¢V for alloyed Au and
0.4-0.5 eV for metallic Au. Integrated peak areas of each Au species were used to calculate the relative
composition evolution.

The Cu;Au(100) single crystal (Princeton Scientific Corp, purity = 99.9999%) is a top-hat-shaped
disc (I mm thick and 8 mm in diameter), cut to within 0.1° to the (100) crystallographic orientation and
polished to a mirror finish. The crystal was heated via a ceramic button heater and its temperature was
monitored with a type-K thermocouple. The pristine Cu;Au(100) crystal was cleaned by repeated cycles
of Ar-ion" bombardment (5x10~ Torr of Ar, 1 pA cm?2, 1.0 keV, 20 min) at room temperature followed
by UHV annealing (550°C, 10 min) until no O 1s and C 1s spectra could be detected using XPS. A
separate system equipped with the capabilities for surface structure determination, that is, low-energy
electron diffraction and scanning tunneling microscopy, was used to check the surface quality of the
Cu3Au(100) prepared using the same sputtering and annealing procedure as the AP-XPS experiments.

The as-cleaned surface appeared as flat terraces separated by atomic height steps and showed sharp
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diffraction spots of the ¢(2x%2) reconstruction, confirming that the surface at room temperature practically
preserved the chemical ordering of the ideal bulk termination with outermost layers alternating between
mixed CugsAugs and pure Cu, consistent with previous studies®'-*2. High-purity oxygen and hydrogen
gases (purity = 99.9999%) were directly introduced to the sample compartment through separate variable-

pressure leak valves to tune the surface segregation of either Cu or Au atoms.

3. Results
3.1 Segregation of the pristine surface under ultrahigh vacuum condition

CusAu is a classic ordering alloy with the bulk order-disorder phase transition at T = 390°C. We
measure the surface segregation for both the order and disorder phases by annealing the CusAu crystal
under UHV to reach an equilibrium state at 350°C and 500°C, respectively. Fig. 1(a) shows the XPS
spectra of the Au 4f peaks obtained from the Cu;Au(100) annealed at 350°C with the incident photon
energies of 400 eV and 1250 eV, respectively, where the surface segregation has reached a steady state, as
confirmed by the saturated intensity of the Au 4f peaks with the longer annealing time.

The Au 4f region consists of two contributions corresponding to Au-4f;, and Au-4fs,,
respectively. Both contributions can be deconvoluted into two components, i.e., the bulk (B) and surface
(S) components separated by surface core level shift>3. The B and S component peaks are located at the
binding energies of 84.5 eV and 84.0 eV for Au-4f;, and 88.2 eV and 87.7 eV for Au-4f;s,, respectively.
These binding energies are consistent with previous reports on Cu-Au alloys!%-203435, The relative position
of the B and S components is further confirmed by depth profiling using different photon energies. As
shown in Fig. 1(a), the peak associated with the S component appears stronger with the smaller photon
energy, and /¢/I peak area ratio increases from 0.23 to 0.89 as the photon energy increases from 1250 eV
to 400 eV. This indicates that the S component is indeed more surface sensitive than the B component.
The surface component can be referred to as pure Au because the surface segregation of Au results in the

enrichment of Au atoms in the surface layer, giving it a higher probability of containing Au-Au bonds.
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The bulk component corresponds to alloyed Au because the bulk has a lower concentration of Au atoms,

giving it a higher probability of containing Au-Cu bonds.
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Figure 1: Au 4f region spectra of as-cleaned Cu3;Au(100) under ultrahigh vacuum annealing, metallic Au (blue) and
alloying Au (yellow) were observed for both ordered and disordered CuzAu(100) at 350°C (a) and 500°C (b),
respectively.

Fig. 1(b) corresponds to the Au 4f spectra obtained from the Cu;Au(100) at 500°C. Similarly, the
Au surface segregation has reached a saturated state and the spectra can be deconvoluted into the B and S
components, corresponding to alloyed Au in the bulk and pure Au in the surface, respectively. It can be
noted that binding energy for the bulk component (alloyed Au) in the disorder phase shifts to a slightly
lower binding energy by 0.1 eV compared to the alloyed Au in the order phase whereas the binding

energy for the surface component (pure Au) remains the same for both the order and disorder phases?®.
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Surprisingly, we find a weaker pure Au peak relative to the alloyed Au peak at 500°C. This is further
confirmed by the smaller /¢//z peak area ratios of 0.29 and 0.65 at the photon energies of 1250 eV and 400

eV compared to those obtained from the Au surface segregation at 350°C in Fig. 1(b).
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Figure 2: Temporal evolution of the pure Au component by quantifying the XPS spectra taken with the photon
energy of 400 eV during the UHV annealing of the Cu;Au(100) crystal from 280°C to 340°C. The crystal was held
isothermally at 340°C to allow for possible equilibration in surface composition.

The thickness of the segregated Au layer can be further estimated using a thin overlayer model.

fo/s,

The thickness is given by*’ t = —A sinfln (1 + 1/) , where 4 is the inelastic free mean path, 6 is the
S SS

take-off angle with respect to the sample surface, /, and /; are the peak area of the overlayer and substrate,

Sy and S; are the scattering factors that are canceled out since both peaks are from the Au 4f region. The

calculated thicknesses of the Au segregation layer are ~ 0.19 nm and 0.13 nm at 350°C and 500°C,
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respectively, which correspond to ~ 0.9 monolayer (ML) and 0.6 ML of the surface coverage by pure Au
on the (100) substrate (1 ML Au ~ 0.21 nm based on the FCC Au with the lattice parameter = 0.41 nm).
The evolution of the integrated peak area of the pure Au and alloyed Au components can be
further quantified to determine the temporal changes of the surface composition under the UHV
annealing. Fig. 2 illustrates the XPS measured pure Au content as a function of time as the sample is
annealed from 280°C to 340°C, which shows that the pure Au component decreases with an increase in
temperature. This trend is further confirmed by holding the sample at 340°C for possible equilibration,

which shows that the surface Au approaches to a steady composition after ~ 4 min.
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Figure 3: Comparison in surface metallic Au composition of Cuz;Au(100) between UHV annealing and the
annealing under the flow of H, gas at 0.1 Torr, spectra were taken with the photon energy of 400 eV. The annealing
under the H, gas flow does not induce any notable differences in the surface Au content.
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In addition to the UHV annealing shown above, we have also measured the surface composition
evolution of the clean Cu;Au(100) surface during the annealing under the flow of H, gas at the pressure
of 0.1 Torr. Fig. 3 illustrates the surface composition of metallic Au component obtained from the AP-
XPS measurements of the clean Cu;Au(100) under the flow of H, gas. By comparing the UHV annealing
at the different temperatures, no noticeable differences in the surface composition can be observed from
the H, annealing. This is consistent with other studies showing the high dissociation barriers of H,
molecules on both Cu and Au surfaces®®°. Even for atomic hydrogen, it bonds weakly to Cu and Au, and
desorbs from Au surfaces at temperatures greater than ~ -163°C*' and from Cu surfaces greater than
~80°C*. These measurements form the baseline to rule out any H, induced surface segregation in

addition to its reaction with surface oxygen shown below.

3.2 Surface segregation of ordered CuzAu at 350°C and in reactive gases

The XPS measurements above demonstrate that Au segregates onto the surface under the vacuum
annealing. This is driven by the lower surface energy of Au than Cu (ya, ~ 0.9 J/m?, yc, ~ 1.3 J/m?). As
shown below, this Au-terminated surface can be switched to the Cu-termination by oxygen adsorption.
We first monitor the surface segregation behavior of ordered Cu;Au(100) upon its exposure to the flow of
oxygen gas. The oxygen exposure induces the segregation of Cu atoms to the surface because the high
oxygen affinity of Cu would more than compensate the unfavorable surface energy of Cu with respect to
Au.

The freshly cleaned Cu;Au(100) is first annealed at 350°C under UHV to reach the saturated
level of Au segregation (i.e., 0.9 ML surface coverage, as shown in Fig. 1). Fig. 4(a) illustrates the
evolution of the Au 4f region upon the exposure of the well annealed Cu;Au(100) to pO, = 1x10¢ Torr at
350°C. It can be seen that there is a dramatic drop in the peak intensity of surface Au. After ~ 30 min of
the oxygen exposure, the pure Au peak disappears completely. By contrast, the bulk component (alloyed
Au) only has a slight increase in the peak intensity and its binding energy remains the same at 84 eV. This

is evident from the temporal evolution of the integrated intensities of the pure Au and alloy peaks during
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the O, dosing (Fig. 4(c)), which shows that the peak intensity for pure Au decays quickly while the peak
intensity of alloyed Au only increases slightly and then quickly reaches a saturated level after 7 min of the
oxygen exposure. The oxygen adsorption induced surface segregation of Cu requires efficient exchanges
of Au atoms at the surface with Cu atoms in the subsurface. The relatively constant intensity of the
alloyed Au peak along with the fast decay of the pure Au peak indicates that Au does not accumulate in
the sub-surface but instead travels further deep into the bulk to form Cu-Au bonds. This also confirms the

large atom mobility and the equilibrium segregation behavior shown above.
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Figure 4: (a) Temporal evolution of the Au 4f spectra obtained from introducing chemisorbed O by dosing 1x10-

Torr of O, gas at 350°C and (b) removing chemisorbed O by dosing 0.1 Torr of H, gas at 350°C. (c) Metallic Au
(blue) and alloying Au (yellow) peak area and (d) metallic Au concentration changes during the gas dosing. (e¢) Cu

2p and O 1s spectra after the gas dosing confirming metallic state of Cu.
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We then examine the stability of the oxygenated surface under UHV annealing and H, gas. Fig.
4(b) illustrates the XPS spectra of the Au 4f region obtained from the CuzAu(100), first under the UHV
annealing and then exposed to 0.1 Torr of H, gas flow, both maintained at 350°C. During the UHV
annealing, the alloyed Au peak has no noticeable changes in the peak position and shape. This indicates
that the UHV annealing at 350°C does not induce desorption of chemisorbed oxygen and the surface is
still terminated by Cu with chemisorbed oxygen. As shown in Fig. 4(b), the subsequent exposure to the
H, flow results in appreciable peak intensity associated with pure Au while the alloyed peak remains
unchanged in its position but with slightly decreased intensity. The reappearance of pure Au at the surface
indicates the segregation of Au atoms to the surface, which is induced by the loss of surface oxygen via
its reaction with hydrogen to form H,O molecules that desorb spontaneously from the surface. This is also
consistent with previous studies showing the spontaneous reaction of chemisorbed oxygen on the Cu
(110) surface with gaseous hydrogen that results in the pristine surface***, Upon the hydrogen induced
loss of chemisorbed oxygen from the surface, Au segregation becomes more favorable because of its
smaller surface energy and larger atom size. As shown in Fig. 4(b), the intensity of the pure Au peak
increases with time and reaches a saturated level after ~ 16 min of the continuous H, flow, suggesting the
complete removal of chemisorbed oxygen from the surface. Therefore, the H, dosing reverts the
oxygenated surface to its pristine state that is oxygen free with ~ 0.9 ML of surface coverage of
segregated Au atoms, as confirmed by comparing the Au 4f spectra between the surface after 16 min of
the H, gas flow (Fig. 4(b)) and the pristine surface before O, dosing (Fig. 4(a)), both of which show the
similar I¢/Ip peak area ratio of the pure Au and alloyed Au components. It is worth mentioning that the
overall XPS peak intensity in the H, gas flow (Fig. 4(b)) is lower than that under the UHV annealing and
O, flow as shown in Fig. 4(a). This is because of the scattering of the photoelectrons by gas molecules at
the much higher pressure (0.1 Torr), which results in the attenuated peak intensity.

The surface composition evolution of the Cu;Au(100) under the O, and H, atmospheres is further
evident by monitoring the peak intensity evolution of the pure Au and alloyed Au components. As shown

in Fig. 4(c), the intensity for the pure Au peak drops to zero after ~ 30 min of the O, flow. By contrast, the
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intensity for alloyed Au shows initially a slight increase and then remains constant, indicative of the slight
enrichment of alloyed Au in the subsurface region. This is because of the oxygen adsorption induced
surface segregation of Cu atoms that is in tandem with the inward flow of surface Au to the subsurface
region. After the atmosphere is switched to the H, flow, the intensity associated with the pure Au
component increases rapidly along with the drop of the alloyed Au to their saturated levels, indicating the
surface segregation of Au from the subsurface region along with the inward diffusion of surface Cu to the
subsurface region. As shown from such time-resolved XPS measurements, the coordinated evolution of
the peak intensities of the pure Au and alloyed Au components demonstrates that the surface composition
is quite sensitive to changes in the atmosphere and the segregation of the active component (either Au or
Cu, depending on the atmosphere) occurs through the exchanges of atoms in the surface and subsurface.
The integrated peak areas shown in Fig. 4(c) can be used to determine the evolution of pure Au with
respect to the total Au (pure Au and alloyed Au) detected by the XPS measurements, as illustrated in Fig.
4(d). It can be noted from Fig. 4(d) that it takes ~ 30 min for converting the pure Au to alloyed Au in the
O, atmosphere but only ~ 15 min to recover the pure Au at the surface in the H, atmosphere. This
difference can be partly attributed to the different kinetic hurdles for the diffusion of Au atoms from and
to the surface, where the migration of Au atoms from the surface to the subsurface (in the O, atmosphere)
can be slower than that from the subsurface to the surface (in the H, atmosphere) because of the larger
size of Au atoms as compared to Cu.

Chemical processes also happen at the surface upon the dosing of O, and H, gases. For instance,
in the O, atmosphere, O, molecules need to dissociate into atomic O species. In the H, atmosphere, H,
molecules dissociate into atomic H, and then react with O to make OH, and then H,O before H,O desorbs.
It is known that molecular oxygen bonds weakly with Au surfaces with dissociation barriers larger than 1
eV4. As shown above, Au atoms segregate onto the Cu3;Au(100) surface during UHV annealing.
Therefore, the CuzAu(100) surface is initially Au rich and oxygen adsorption by the Au-rich surface is
thus slow during the O, exposure. This is also consistent with recent in-situ transmission electron

microscopy observations, showing that a prolonged O, exposure is required to transform the Au-rich

12
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surface of a Cu(Au) solid solution to an oxygenated surface with the resultant Cu-O surface termination.
By contrast, dissociative adsorption of H, molecules takes place easily on the oxygenated Cu surfaces®,
as also confirmed experimentally by monitoring the reaction of gaseous hydrogen with chemisorbed
oxygen on Cu(110)¥4., Hence, the difference of dissociation rate of O, and H, on the Au-rich and
oxygenated Cus;Au(100) surfaces may also contribute to the difference in the period of time required to
revert the surface composition in the O, and H, atmospheres, respectively.

The chemical state of the CuzAu(100) surface is also monitored in addition to the Au 4f spectra.
As shown in Fig. 4(e), the shape and position of the Cu 2p core level peaks (binding energies = 932.9 eV
and 952.5 eV) remain all the same for the pristine surface under the UHV annealing and in the flow of O,
and H, gases, indicating that Cu remains as the metallic state and is not oxidized even in the O,
atmosphere. This is because the low oxygen pressure (1x10¢ Torr) is adequate to drive the surface
segregation of Cu atoms via oxygen chemisorption but not sufficient to result in Cu oxide formation. This
is also in line with the previous study, showing that the crossover from oxygen chemisorption to Cu,O
formation requires a significantly higher oxygen pressure (~1x102 Torr) during the oxidation of Cu(100)
at 350°C*, In our experiments, the surface uptake of chemisorbed oxygen during the O, exposure is also
confirmed by the appreciable intensity in the O 1s region, as shown in Fig. 4(e). In the same way, the
complete loss of chemisorbed oxygen from the hydrogen exposure is also confirmed by the absence of the

O 1s peak intensity in Fig. 4(e).

3.3 Surface segregation of disordered CuzAu at 500°C and in reactive gases

We then monitor the surface segregation in disordered Cus;Au by annealing the crystal at 500°C.
The pristine surface shows ~ 0.6 ML coverage of pure Au under the UHV annealing (see Fig. 1). As
shown in Fig. 5(a), the exposure to pO, = 1x10- Torr at 500°C results in fast decay of the peak intensity
associated with the pure Au component along with a slight increase in the intensity of the alloyed Au
component. The pure Au peak disappears completely after only ~ 5 min of the oxygen exposure, which is

much faster than that (~ 30 min) for the oxygen dosing at 350°C. Fig. 5(b) shows the evolution of the Au

13
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4f spectra after the chamber is first evacuated to UHV and then filled with the flow of H, gas at 0.1 Torr.
The pure Au peak appears in the UHV annealing and quickly reaches a saturated level with the /¢/7 area
ratio similar as the pristine surface at 500°C, indicating that the chemisorbed oxygen is unstable and
shows fast desorption from the surface under the UHV annealing. This is different from the ordered alloy
at 350°C, where the UHV annealing does not induce oxygen desorption (Fig. 4(b)). As shown in Fig.
5(b), the subsequent H, dosing does not induce any noticeable changes to the Au 4f spectra in both the
binding energy and the relative ¢/ peak area ratio, further confirming that the surface has reached an
equilibrium concentration despite of the H, dosing.

Fig. 5(c) shows the temporal evolution of the integrated peak intensity of the pure Au and alloyed
Au components in the O, and H, atmospheres, respectively. During the O, dosing, the peak intensity for
the pure Au component quickly drops to zero along with coordinated increase of the peak intensity of the
alloyed Au component. This indicates the oxygen adsorption induced Cu segregation from the subsurface
region, which correspondingly results in the slight enrichment of alloyed Au in the subsurface region
because of the inward migration of surface Au into the subsurface region. After switching to the UHV
annealing, the pure Au peak intensity increases quickly due to the surface segregation of Au from the
subsurface. The pure Au and alloyed peak intensities remain relatively unchanged in the subsequent H,
flow, indicating that the equilibrium Au surface segregation has already reached under the UHV
annealing. Similarly, the integrated peak intensities in Fig. 5(c) can be used to estimate the evolution of
pure Au with respect to the total Au detected by the XPS measurements. As shown in Fig. 5(d), it takes ~
6 min to convert the pure Au to alloyed Au in the O, atmosphere but it is almost instant to recover to the
pure Au level at the surface after switching to UHV. This is because of the faster migration rate of Au
atoms from the subsurface to the surface than the diffusion in the opposite direction. The Cu;Au(100)
surface evolves much faster at 500°C to the equilibrium composition compared to the segregation at

350°C (Fig. 4(d)), in response to the changes in the atmosphere.
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Figure 5: (a) Temporal evolution of the Au 4f spectra obtained from introducing chemisorbed O by dosing 1x10-3
Torr of O, gas at 500°C and (b) resuming the surface by dosing 0.1 Torr of H, gas at 500°C. (c) Metallic Au (blue)
and alloying Au (yellow) peak area and (d) metallic Au concentration changes during the gas dosing. (e) Cu 2p and

(c)

(d) (e)

O 1s spectra after the gas dosing confirming metallic state of Cu.

Fig. 5(e) shows the chemical state of Cu and O under the UHV annealing and in the O, and H,
atmospheres. The Cu 2p spectra show no noticeable changes in the flow of O, and H, gases from the
pristine surface under the UHV annealing, indicating that Cu remains as the metallic state at the low
oxygen pressure. The oxygen adsorption induced Cu segregation is confirmed by the appreciable intensity

of O 1s spectra obtained during the O, exposure. Similarly, the re-segregation of pure Au to the surface
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by the loss of chemisorbed oxygen in the H, atmosphere is also confirmed by the absence of the O 1s

spectra.

3.4 Surface segregation in a highly oxidizing atmosphere

The measurements shown above demonstrate that the Au segregated surface under the UHV
annealing can be tuned to the Cu termination with chemisorbed oxygen at low pO, (~1x10° Torr).
Further increase in pO, would result in the formation of Cu oxides and we monitor the surface
composition evolution in such a highly oxidizing atmosphere. As shown in Fig. 6(a), the oxygen exposure
at pO, = 1 Torr and 350°C results in the complete attenuation of the Au 4f peak with the photon energy of
400 eV. Depth profiling with the higher photon energies of 700 eV and 1250 eV results in slight intensity
in the Au 4f region but the peak positions are still not well resolved, indicating that the Cu;Au(100) is
oxidized into a relatively thick layer of the Cu oxides. This is further confirmed with the O 1s spectra
obtained from the oxidized surface. As shown in Fig. 6(b), the O 1s spectra can be deconvoluted into the
two components with the binding energies of 529.5 eV and 530.2 eV corresponding to bulk CuO and
surface CuO, respectively. The surface CuO component has a higher binding energy because of its lower
coordination at the surface*’8. The surface and bulk components of the CuO layer are evident from the
depth profiling with the different photon energies. As illustrated in Fig. 6(b), the peak associated with the
surface CuO component becomes stronger as the photon energy decreases from 1250 eV to 700 eV,
confirming that the higher binding component is more surface sensitive. Previous work* showed that
Cu(100) can be oxidized to a CuO/Cu,0 bilayer structure under the condition of pO, = 1 Torr and 350°C.
The oxygen in Cu,O has the binding energy of 530.4 eV and is not detected here, suggesting that the
thickness of the CuO layer is larger than the probe depth by the XPS. However, the existence of an inner
Cu,O layer is revealed from the XPS measurements by switching to the reducing atmosphere, as

described below.

16

Page 16 of 26



Page 17 of 26

Physical Chemistry Chemical Physics

L 1 1 1 L 1 I 1 L 1 L 1 L 1 L 1 L 1 n 1 " 1 n 1 I 1 I 1
350°C 1 1 Torr O, ' :
: Surface Bulk
Au 4f ! Cu3p CuO ' CuO
o0 11250 ev | 0N
0 R . D 11250 eV x4
o ! I o .
2z ! . 2z '
—_— 1 —
9D | 700 eV ; U
o %ﬁ ; o | 1000 eV 3
= ! : =
: 1
1
400 eV b . 700 eV Z Q x2
! 1 1
94 92 90 83 86 84 82 80 78 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)
®
Cu 2p 500°C 1 orr H, f
= = ~ |1250 e
& P 101 Torr H, 0 -
O o &
5 = { =
E 2 CuO satellites, £
£ AN =
£ £ | =
1 Torr O, L—-——-
i 1]
535 534 533 532 531 530 529 528 527 980 970 960 950 940 930 920 910 92 90 88 86 84 82
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

(c) (d) (e)

Figure 6: Au 4f (a) and O 1s (b) spectra measured at various photon energies after the oxidation of the Cu3;Au(100)
at 350°C with 1 Torr of O, gas flow. (¢) O s peak evolution during the reduction at 500°C first under UHV, then in
H,, taken with 650 eV photon energy. (d) Cu 2p spectra confirming that Cu is oxidized to CuO at 350°C in the
presence of 1 Torr of O, gas and is then reduced to metallic Cu at 500°C with 1 Torr of H, gas flow. (c) Metallic Au

(blue) and alloying Au (yellow) measured at various photon energies after the reduction treatment at 500°C and 1
Torr of H, gas flow.

Fig. 6(c) shows the temporal evolution of the O 1s spectra when the oxidized Cu;Au(100) surface
above is reduced at 500°C, first under UHV and then in the H, flow of 0.1 Torr. Under the UHV
annealing, the CuO layer is unstable and already starts to decompose into Cu,O. After 6 min of the UHV

annealing, the CuO is completely reduced to Cu,O with the presence of chemisorbed oxygen at the

surface. After switching to 0.1 Torr of H, flow, the Cu,O phase is quickly reduced, and only chemisorbed
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O and OH are detectable, where the binding energy for OH shows small changes from 530.5 eV to 530.8
eV. This is probably due to the dynamic changes in the surface coverage of OH groups formed by the
reaction between chemisorbed O and adsorbed H. The subsequent recombination reaction of OH groups
with adsorbed H results in the formation of H,O molecules that desorb spontaneously from the surface, as
shown in a previous study*®. After ~ 37 min of the H, flow, surface oxygen desorbs completely from the
surface, as evidenced by the absence of peak intensity in the O 1s region in Fig. 6(c).

The surface oxidation and reduction is also monitored using the Cu 2p spectra. As shown in Fig.
6(d), the XPS spectra of the oxidized Cu;Au(100) surface display the Cu 2ps, and Cu 2p;,, peaks together
with a series of strong shakeup satellites that are the “fingerprint” of cupric ions in CuQO. These satellites
disappear with the long exposure to the H, gas flow, further confirming that the surface oxide is reduced.
Fig. 6(e) shows the Au 4f spectra after the surface is recovered to its pristine state from the H, exposure.
As illustrated by the depth profiling using the different photon energies, pure Au and alloyed Au peaks
are visible and the pure Au peak is more surface-sensitive. Based on the peak intensity ratio of the two
peaks, the pure Au has a surface coverage of ~ 0.6 ML, same as the pristine surface shown in Figs. 1(b)
and 5(b). These measurements demonstrate that the surface composition evolution is highly reversible and
tunable by controlling the atmosphere. However, it should be noted that it takes much longer time for the

heavily oxidized surface to return to its pristine state in the H, atmosphere.

4. Discussion

Cu-Au has been extensively studied both experimentally and theoretically as a model system for
understanding surface segregation phenomena in metal-based alloys!>!731:50-55, Experimental studies on
the surface layer composition profile of the Cu-Au alloys include AES’%38, LEIS3!5990 medium-energy
ion scattering®', low-energy electron diffraction®®, and X-ray crystal truncation rod diffraction®*>*. All
these experimental studies were limited to clean surfaces under UHV and have showed that Au would
enrich the surface. However, the resulting profound understanding obtained under the rarefied conditions

does not translate into an equally good understanding of surface phenomena occurring in a
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technologically relevant atmosphere, where the adsorption induced segregation can differ dramatically
from the idealized conditions. Several XPS studies®?%3462 using the “quench-and-look” approach by O,
dosing followed by subsequent transfer to UHV for analysis have shown the inversion in surface
composition from Au enrichment for a clean surface to Cu enrichment upon oxygen adsorption. Our AP-
XPS results described above are not only in line with the previous studies but also provide important
kinetic information of the adsorbate-induced surface segregation from the in-situ measurements under the
flowing gas conditions. For instance, the detailed measurements of the temporal evolution of the surface
compositions show a dynamic interplay between pure Au and alloying Au components before reaching a
steady state of the surface composition. Such dynamic information is needed in order to tune the surface
composition by utilizing competing actions of the environmental stimuli (UHV, O,, H, and temperature)
to control the degree of the surface segregation of an alloy component.

Gaining such a control over the surface segregation has important implications in tuning the
surface reactivity of alloys that are widely used for heterogeneous catalytic processes. The catalytic
performance is intimately related to the oxidation of the alloy surfaces. The presence of surface and
interface oxygen on alloy catalysts must be considered because such species are present in the majority of
real-world catalysts under reaction conditions. Their role in catalysis is still very unclear and need to be
investigated on a case-by-case basis. The catalytic reactions on some alloys actually occur due to the
surface oxidation. Recent studies on catalytic oxidation of CO and H, have suggested that the presence of
a surface (or interface) oxide can make the catalyst catalytically more reactive than the corresponding
pristine alloy surfaces®>%. A microscopic understanding of such a synergistic catalytic effect requires
atomic-level knowledge of the adsorbate-induced elemental segregation process taking place on the outer
surface layers of alloy catalysts during the catalytic reactions. As shown from our AP-XPS measurements
of the surface segregation on Cu;Au(100), the surface composition of the alloy does not stay stationary
over time, even under the UHV condition. Instead, it shows dynamic changes in response to the external

stimuli, which can lead to numerous surface configurations over the segregation process. These results
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provide the baseline for manipulating the environmental conditions to affect the reaction kinetics and

mechanism.

5. Conclusion

In conclusion, we have studied how the surface composition of the binary Cu;Au(100) can be
tuned via its response to the atmosphere. Under the UHV annealing, Au segregation to the pristine surface
results in pure Au at the surface and alloyed Au in the subsurface, and the amount of pure Au decreases
with increasing the annealing temperature. Upon the exposure to an oxidizing atmosphere, the Au
terminated surface transforms to a Cu-O terminated surface driven by oxygen-adsorption induced Cu
segregation. It is further demonstrated that the Cu terminated surface can revert to the Au termination by
switching to UHV annealing or a H, atmosphere that results in the surface desorption of oxygen, thereby
promoting Au segregation to the surface. The results reported here may serve as a guide for the choice of
optimal environmental conditions to tune the surface composition of alloys, which has practical

implications for controlling the surface properties such as catalytic performance and corrosion resistance.
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