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ARTICLE INFO ABSTRACT

Keywords: The dynamic changes in composition in the near-surface region of a Pd;s0,Ag250,(100) single crystal were

P'alladium monitored using near-ambient pressure x-ray photoelectron spectroscopy (NAP-XPS) during CO oxidation under

zllver . oxygen rich conditions at a total pressure of 1.1 mbar. Six CO oxidation temperature cycles were investigated at
egregation

different heating rates and maximum temperatures of 450 °C or 600 °C. It was found that the history of the
bimetallic sample plays an important role, as the CO5 formation profile varies depending on initial conditions,
and previous heating rates and maximum temperatures. In terms of CO coverage effects, normal, reversed and no
hysteresis behaviour were all observed. In agreement with previous modelling predictions, the NAP-XPS data
confirm a dynamic segregation behaviour upon heating/cooling where the amount of Pd in the surface region
decreases with increasing temperature. Nevertheless, the Pd 3ds/» core level relative area assessment is not fully
capable of capturing all the surface dynamics inferred from the temperature dependent CO, formation profiles,
due to the probing depth. While residing at ambient temperature in the reaction mixture, however, there is a
build-up of adsorbed CO at the surface showing that CO induces segregation of Pd to the topmost surface layer
under these conditions. In total, this suggests that the segregation is kinetically relatively facile during tem-

Single crystal surface
Bimetallic catalysis
Carbon monoxide oxidation

perature cycling, and that adsorbate coverage is the main controlling factor for the surface termination.

1. Introduction

Bimetallic catalysts are widely studied in chemical conversion. The
motivation behind the alloying may be either promoting effects (activ-
ity, selectivity or stability) or cost saving, i.e. replacing a portion of a
scarce and expensive platinum group metal (PGM) with a cheaper
element while maintaining the overall properties. During the last de-
cades, the possibility of combining only less costly and abundant ele-
ments to obtain PGM replacements has also been facilitated by the
development in computational methods and high throughput experi-
mentation [1,2]. In the context of bimetallics, it is important to establish
to what extent the surface composition of a nanoparticle or crystal
surface is controllable or purely determined by the reaction conditions.
It is easy to predict that chemical bonds to adsorbed species will affect
the energetically favourable termination of an alloy [3-5], in addition to
the energetics of the alloying elements themselves. The latter was
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systematically discussed in a much-cited theoretical investigation by the
Ngrskov group [6]. In addition, highly relevant to thermochemical
processes, the temperature will affect the termination both thermody-
namically and kinetically. Hence, segregation may be induced upon
change in partial pressure and/or temperature.

X-ray photoelectron spectroscopy (XPS) is a suitable characterization
technique to study segregation and it is widely used due to its elemental
and chemical sensitivity. The majority of XPS studies have been per-
formed in high-vacuum or ultra-high vacuum (UHV); partly to avoid
scattering of photoelectrons in the gas and partly because the detector
requires high vacuum. Stepwise developments to the instrumentation
(accelerators, monochromators, detectors, differentially pumped elec-
tron analysers, etc.) over several decades, however, now allow surface
characterization under higher pressure, see [7,8] and references cited
therein. The technique may then be referred to as near-ambient pressure
XPS (NAP-XPS) and offers the possibility of studying catalysts or
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catalytic model systems under working conditions. Dedicated NAP-XPS
beamlines are today found at many synchrotron sources capable of
characterising catalysts at temperatures from room temperature to
600—700 °C and from UHV to 20—30 mbar [8]. In addition, there are
NAP-XPS systems that use conventional x-ray sources [9], albeit some
limitations and constraints relative to the synchrotron-based experi-
ments. Reactant and product analysis is usually also possible, with mass
spectroscopy being utilized the most. The current work seeks to exper-
imentally study the segregation behaviour of an alloy model catalyst
through the use of NAP-XPS.

The catalyst model system applied here is a Pdys50,Ag250,(100) alloy
single crystal. Palladium is a widely applied catalyst within the PGM
group, with excellent properties in oxidation [10] as well as hydro-
genation/dehydrogenations reactions [11-18]. Pd nanoparticles assist
the oxidation of CO and hydrocarbons in automotive catalysis [19,20],
and since both the metal and the oxide exhibit activity, the chemical
state of the Pd surface in oxidation reactions has been much scrutinized.
Moreover, model system (single crystal) investigations have disclosed a
range of (active) surface oxides [21-30], as defined as ordered Pd-O
structures of 1-3 atomic layers residing on top of the metallic fcc lat-
tice. However, Pd is expensive and scarce, and high dispersion is often
critical to the commercial application. Either low temperature activity
(<300 °C) or high temperature stability (> 800 °C) is commonly desired
for Pd applications in oxidation catalysis. In other applications, if for
example 25 % of the Pd could be replaced without compromising on
other properties, it would still be attractive. This applies to some extent
for PdAg based hydrogen membrane technology, although there are also
beneficial effects with respect to stability and hydrogen diffusivity [32].
Another example is the case of hydrogenation, where alloying with Ag
moderates the reaction, thereby increasing the yield of alkene versus
alkane and suppressing carbon formation [12-15,18]. Silver may not be
the obvious candidate for enhancing the low temperature activity of Pd
towards oxidation, but its complex properties in oxidation catalysis
makes it an interesting alloying element [31]. To control properties of
bimetallic systems, the alloying and segregation behaviour in response
to variations in the reaction conditions should be understood and
described, in particular their impact to the surface termination, here Pd
versus Ag.

While Pdys50,Ag250,(100) is our model catalyst, CO oxidation is used
as a reaction probe. The high turnover rates and simple reactant/prod-
uct mixture composition lend it readily to NAP-XPS single crystal in-
vestigations. It is also much studied over different Pd surface
terminations and in relation to metallic and (surface) oxidic states. We
have made two preceding investigations, involving either Ag [33] or Au
[34] as alloying elements to Pd. Here, it was found that while PdsAu
(100) behaves relatively similar to pure Pd(100), Pd7s0,Ag250,(100)
displays some clear differences. The first concerns the ordered (\/ 5x \/ 5)
R27° surface oxide (hereafter termed as \/ 5) that is present on Pd(100)
and Pd3Au(100) under O2:CO = 10:1 mixtures in the high activity
regime (light-off >190 °C), while this is not the case for
Pd750,A8250,(100). This surface oxide has been shown to form, however,
on all three surfaces in pure O in the sub-millibar regime and at tem-
peratures of 300—320 °C [33-35]. The second difference concerns the
activity hysteresis prevailing due to CO coverage effects. On Pd(100)
and Pd3Au(100), we find the “normal” hysteresis, in which removal of
an inhibiting CO coverage requires higher temperature while heating
than establishing the same CO coverage while cooling. This behaviour is
reversed for Pd;s50,Ag250,(100). A schematic for the normal and reversed
hystereses is displayed in Fig. 1. Based on combined first principles and
microkinetic modelling the reversed hysteresis observed for
Pd750,A8250,(100) could be attributed to combined effects of segregation
and coverage during temperature cycling. In more detail, the prediction
may be understood as follows: In absence of adsorbates (vacuum) the
surface of a PdAg- alloy will be Ag-rich [3,4,36,37], as Ag has a lower
surface energy than Pd [38] and slightly larger atomic radius than Pd.
Then, almost any chemisorbed species (e.g. oxygen, CO and hydrogen)
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Fig. 1. Schematics for the normal and reversed hystereses for CO, formation as
a function of temperature. Red colour indicates increasing temperature, and
blue colour indicates decrease in temperature.

will preferentially bind to Pd and induce a driving force for segregation
of Pd to the surface [3,4,35,36,39]. Such segregation will be kinetically
facilitated by temperature, but at high temperature the coverage is
reduced to an extent that promotes reversed segregation (Ag to the
surface) [33]. This proceeds as the temperature is increased, and a low
fraction of Pd in the surface is established. Upon cooling the low amount
of Pd in the surface is incapable of maintaining a high reactant coverage
and the same high rate as upon increase, and extinction therefore occurs
at higher temperature than ignition.

Our previous work on the Pd;s0,Ag250,(100) was focused on the
comparison of its activity with respect to pure Pd(100) and the absence
of the surface oxide. No efforts to determine the relative distribution of
Ag and Pd in the near surface region were, however, made in this study
and direct experimental evidence for the segregation model explaining
the reversed hysteresis is therefore still missing. In the present work we
give this evidence. Moreover, we seek to establish methodology for
investigating the dynamics of segregation phenomena over different
temperature ranges and heating/cooling rates. This requires good tem-
perature control while at the same time following the relevant core
levels of the alloying element under reactant mixture exposure, and this
fits well with the capabilities of the HIPPIE beamline at the MAX IV
Laboratory.

2. Materials and methods

The NAP-XPS measurements were carried out at the HIPPIE beam-
line [8] at the MAX IV Laboratory. A schematic of the end-station with
the ambient pressure cell (AP-cell) [40], used as a reactor with the
sample installed, and hemispherical electron analyser with differential
pumping is illustrated in Fig. 2a. This setup allows NAP-XPS measure-
ments in gas mixtures with a pressure up to about 30 mbar. Before data
acquisition, the sample is placed in the AP-cell equipped with a 300 pm
aperture and with a sample-aperture distance of ~0.6 mm. This
sample-aperture distance ensures unaffected pressure on the sample by
the nearby and differentially pumped aperture, while simultaneously
minimizing the distance the photoelectrons have to travel within mbar
gas pressures [41]. Heating is performed by directing a laser towards the
back side of the sample, and temperatures up to 600 °C can be reached.
The gas composition can be monitored at three different locations using
a mass spectrometer: at the gas supply inlet, outlet or above the sample
via the analyser cone. An example of how the Pd 3d and Ag 3d core level
binding energies change upon heating in a CO + O, environment
together with changes in the CO; partial pressure are shown in Fig. 2b. It
is important to note that NAP-XPS results are sensitive to the
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Fig. 2. a) Illustration of the NAP-XPS experimental setup with the in situ reaction cell, hemispherical analyzer and differential pumping system. b) Example of NAP-
XPS spectra of the Ag 3d and Pd 3d core level regions acquired continuously under CO oxidation during heating from ~30 °C to ~290 °C together with the cor-

responding QMS data.

experimental setup as previously shown for CO oxidation experiments
[24]. This sensitivity stems from the mass transfer limitations resulting
from the geometry of the experimental cell and the sample (flat surface)
in conjunction with the high activity of CO oxidation over Pd-based
catalysts. This is important to keep in mind when comparing NAP-XPS
results obtained using different experimental setups.

The Pdys50,Ag250,(100) single crystal was mounted on a 304 L steel
plate and fastened by 304 L steel clips. The temperature was measured
with a K-type thermocouple spot-welded to the side of the crystal. The
crystal was cleaned by standard cycles of argon sputtering with subse-
quent annealing in oxygen (po2 ~1-1077 mbar) at 450-540 °C. The
cleanliness of the crystal was verified by survey scans where no addi-
tional elements besides Pd and Ag were observed. Relevant core level
regions were acquired with the following photon energies: O 1s at 650
eV, Pd and Ag 3d at 450 eV, and C 1s at 390 eV. All spectra were
measured at normal emission, and calibrated to the Fermi edge, which
was recorded immediately after acquiring the corresponding core level
region. With a photon energy of 450 eV, the inelastic mean free path is
4.13 A for Pd and Ag, found by the QUASES-IMFP-TPP2M program [42]
using the Tanuma, Powell and Penn algorithm [43]. The sampling depth
is about 6 atomic layers if considering that 95 % of the detected signal
originates within this depth [44]. It should be noted that the signal in-
tensity is highest for the topmost surface layer and decreases for the
underlying layers.

CO oxidation was performed feeding 0.45 Nml/min CO and 4.54
Nml/min O, and the total pressure in the cell was ~1.1 mbar. Six CO
oxidation cycles were run, three to 450 °C at 0.1 °C/s heating/cooling
rate and three to 600 °C at 0.2 °C/s and 0.4 °C/s. The gas composition
was monitored by QMS via the analyser cone, i.e. close to the sample
surface. The pressure was measured at the outlet of the cell due to a
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defective in situ gauge at the beamtime, and no further calibration
procedures were applied. As we actively pump on this line the real
pressure in the cell could be 10-20 % higher. The QMS signal and
temperature were recorded separately and the COy QMS signal was
time-correlated and plotted against temperature using Python. The noise
was reduced by applying Savitzky-Golay filter where the length of the
filter window was set to 15 and a second order polynomial was applied.
In order to investigate the ratio of Ag and Pd, the Ag and Pd 3d core
levels were monitored consecutively during four of the CO oxidation
cycles (see Fig. 2), i.e. continuously switching between recording the Ag
3d and Pd 3d core level regions. In addition, the O 1s core level region
was monitored in two of the CO oxidations cycles, to follow surface and
gas phase oxygen species. Note that it was not possible to follow all three
regions in the same cycle due to the different photon energies required.
The O 1s region must be acquired at photon energies well above the
binding energies of oxygen components typically probed in the region
528-533 €V, and here we used 650 eV. The Ag and Pd 3d core levels
could be recorded at this photon energy, however, with a significant loss
of surface sensitivity. A lower photon energy of 450 eV, also a
compromise against the cross section of the scattering and the perfor-
mance of the monochromator, was therefore chosen.

Fitting of the acquired core level spectra was performed using
Doniach-Sunjié¢ lineshape [45] convoluted with a Gaussian line shape
and applying a linear background. This line shape is commonly applied
for fitting of the Pd 3d core level of Pd and Pd-based single crystals
[24,33,35,46,47]. The spectra were normalized with respect to the low
binding energy side, unless otherwise stated. Asymmetry parameters
were added to the Pd and Ag bulk and surface components. The relative
amount of Pd in the near-surface region was calculated as the total area
of Pd 3ds,» relative to the total area of the Pd 3ds,2 and Ag 3ds,/2 spectra.
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Correspondingly, the relative amount of Pd bound to CO was calculated
as the area of the CO-induced peaks in the Pd 3ds,2 spectra relative to
the total area of Pd 3ds/ and Ag 3ds/». The areas were corrected with
cross sections [48] of 4.05 and 3.86 for Ag 3d and Pd 3d, respectively.
The fitting was performed in Igor Pro, version 8, from Wavemetrics
Incorporated [49]. Details regarding the fitting parameters are given in
Table S1 and S2 of the Supplementary Information.

3. Results and discussion
3.1. CO oxidation over Pdy;s59,Ag250,(100)

CO,, formation profiles as a function of temperature for the six CO
oxidation cycles investigated over Pdys0,Ag250,(100) under oxygen rich
conditions are shown in Fig. 3 (02:CO = 10:1 and ~1.1 mbar total
pressure). The first three cycles (Fig. 3a—c) were performed by ramping
the temperature from room temperature with a heating rate of 0.1 °C/s
reaching the maximum temperature of 450 °C, with subsequent cooling
down to the initial temperature at the same rate. The 4th, 5th and 6th
cycles (Fig. 3d-f) had a rate of 0.2, 0.4 and 0.4 °C/s, respectively, and a
maximum temperature of 600 °C. Prior to the first cycle, the sample was
oxidized in O at 1.1 mbar at temperatures up to 150 °C, leaving a rather
thick, bulk-like palladium oxide at the surface (not shown). PdO is also
known as active, but the layer is readily reduced under the reactant
mixture as the temperature increases, confirmed by the disappearance of
a bulk oxide contribution in Pd 3d (not shown) [29]. As shown in Fig. 3a,
the light-off occurs at ~275 °C (determined at the temperature when the
CO., formation reaches 3/4 of a noise averaged maximum production).
The extinction occurs at a slightly lower temperature, ~270 °C. With a
slightly higher light-off temperature than extinction temperature the
hysteresis is normal for the 1st reaction cycle (Fig. 3a) in contrast to the
previously reported reversed hysteresis for Pdy50,Ag250,(100) [33]. This
is likely due to the initial palladium oxide layer prior to the 1st heating
rendering a Pd rich surface.

The 2nd and 3rd cycles (Fig. 3b and c) both have a distinct increase in
the CO, formation upon heating at temperatures around 270 °C, and the
subsequent reduction in CO, formation occurring at a higher tempera-
ture of about 280 °C, i.e a reversed hysteresis. The 4th cycle (Fig. 3d)
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Fig. 3. CO, formation over Pd;s¢,Ag250,(100) measured by QMS as function of
sample temperature for six consecutive reaction cycles under O,:CO=10 and
~1.1 mbar total pressure. Red curves represent heating and blue curves the
subsequent cooling. Cycles 1-3 were made with 450 °C (left panel, a-c) and
cycles 4-6 with 600 °C (right panel, d-f) maximum temperature. The corre-
sponding heating rates in the range 0.1-0.4 °C/s are indicated.
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also exhibits a reversed hysteresis. However, although the CO; forma-
tion resembles that of the 2nd and 3rd cycles upon heating, a notable
change can be observed during cooling from 600 °C. This is after having
reached this temperature under reaction conditions for the first time.
Furthermore, after reaching the maximum temperature, the conditions
were maintained for roughly 50 min. for additional characterization
(typically, additional core levels). The reduction in CO, formation now
starts at higher temperature (~350 °C) and with a considerably lower
slope compared to the previous cycles. Continuing to the 5th cycle
(Fig. 3e), the heating as well as the cooling sections of the curve display
lower slopes than the 1st — 3rd cycles, albeit still consistent with a
reverse hysteresis. The heating and cooling section of the 6th cycle
(Fig. 3f) are, however, nearly identical. The fact that the hysteresis
change as function cycle number and in particular the first time a
heating-cooling cycle is performed to a higher temperature suggests that
segregation changes the surface composition with time. To verify this,
the NAP-XPS data measured simultaneously as the CO; formation pro-
files were analysed.

Fig. 4 shows the in situ NAP-XPS measurements during the 4th CO
oxidation cycle, where there is a large change in the COy formation
profiles upon heating versus cooling as shown in Fig. 3d. The Ag 3ds,»
and Pd 3ds/» core level regions were continuously acquired (live spectra
in lower panel of Fig. 4) as the temperature was ramped with 0.2 °C/s up
to the maximum temperature of 600 °C and down to ambient temper-
ature again with the same rate. Selected spectra at different tempera-
tures in the heating and cooling series are included in the upper part of
Fig. 4 to better visualize the main changes occurring.

At the beginning of the heating series (Fig. 4, left panels), the Pd 3ds,
2 spectrum displays one component representative of the bulk of the
alloy (334.7 eV, blue) and additional contributions shifted to higher
binding energy that originate from Pd bound CO. The fitting of the latter
is consistent with the presence of two different CO species at binding
energies of 335.6 eV (light green) and 336.2 eV (dark green). Previously,
only one rather broad contribution at 335.8 eV was reported due to CO
on Pdys0,Ag250,(100) [33], possibly covering both the CO induced con-
tributions observed here. It was also shown that the coverage of CO
obtained on Pd7s50,Ag250,(100) was lower compared to Pd(100) and this
was attributed to the presence of Ag in the topmost surface layer [33].
CO occupies Pd-Pd bridge sites on Pd(100) and two peaks associated
with CO in bridge sites can be observed in the Pd 3ds /5 core level region,
depending on coverage [50]. The two contributions at binding energies
335.5 eV and 335.9 eV arise due to Pd coordinated to one or two CO
molecules, where the latter is observed at a CO coverage of 2/3 mono-
layer (ML) [23,50,51]. Minor amounts of CO occupying Pd top sites have
been observed upon increasing the pressure to ~0.7 mbar [52]. CO in
top site was observed for PdzAu(111), where linearly bonded CO gave
rise to a shift of +0.38 eV in Pd 3d towards higher binding energy
compared to CO situated in bridge sites [53]. Based on comparison with
Pd(100) and Pd3Au(111), it is likely that the CO induced components
obtained here are caused by bridge (335.6 eV) and top-bonded (336.2
eV) CO on Pd75 %Ag25 %(100), the latter possibly enhanced by the
alloying (Ag or Au).

The Ag 3ds,/» spectrum of Fig. 4 at room temperature can be fitted
with two peaks, a major contribution at 367.7 eV (light blue) binding
energy and a minor peak at 367.4 eV (red). The spectrum 1 (left panel)
bears strong resemblance to the Ag 3ds,, presented for the clean surface
in a previous investigation of Pdy5¢,Ag250,(100), in which these were
attributed surface Ag and Ag in the bulk of Pd;s50,Ag250,(100), respec-
tively [35]. A similar interpretation here infers significant amount of
surface Ag and little in the bulk within the probe depth. But, since we
start with PdO and also observe considerable contributions consistent
with CO adsorbed on Pd, we think that the main contribution could
originate from Ag rich environments both near and in the top layer. Ag
3ds,2 in pure Ag is found at slightly higher binding energy (368.15 eV)
[31] whereas interaction with oxygen [31,54] or increasing contents of
Pd (in nanoparticles) [55] also have been shown to shift the binding
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Fig. 4. Ag 3ds,» and Pd 3ds,, core levels
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energy to lower values. It should also be kept in mind that Fig. 4 should
not be directly used to compare ratios of Ag versus Pd, since the spectra
have been normalized with respect to the high intensity contributrion.
The ratios will be further analysed below.

Upon heating to ~250 °C, the CO components in Pd 3ds/, disappear
and there is a slight change in the Ag 3ds/» in situ spectrum. This point
corresponds to light-off as observed in Fig. 3d. The Pd 3d spectra
recorded at 300—350 °C display mainly the Pd bulk component at 334.7
eV (blue), and then two minor components at 335.3 eV (pink) and 334.2
eV (grey) in addition. The one at 335.3 eV can be caused by Pd bonded to
oxygen or Pd embedded in a Ag-rich top layer, and the other to surface
Pd [33,35,46]. The Ag 3ds,2 spectra recorded at similar temperature
display the same peaks as found at lower temperature, but with a change
in their relative ratios. The main Ag 3ds,» component decreases and the
contribution at lower binding energy increases. No significant changes
in Pd 3ds/» are observed upon further heating to the maximum tem-
perature of 600 °C. With respect to Ag 3ds,2, the main component again
slightly increases and the contribution at lower binding energy de-
creases, i.e. there is no consistent trend with temperature and the
changes are difficult to fully rationalise. But if the minority component is
associated with Ag interacting with O, it could make sense that such
interaction is to some extent favoured at intermediate temperature
where surface Pd facilitates O, activation and the sticking is appreciable.

The subsequent cooling series is displayed in the right panels of
Fig. 4. At the beginning, having maintained the reaction conditions at
600 °C for about 50 min, changes have occurred in the spectra. The
minor Ag 3ds,2 component has again increased relative to the major Ag
component. This could be consistent with, albeit lower sticking at high
temperature, an increasing contribution from more Ag-rich regions
interacting with O. The corresponding Pd 3ds,; spectrum is less
changed, but the component associated with Pd surface atoms appears
slightly higher compared to the bulk and Pd-O components, possibly
consistent with generally low coverage. After cooling to 300—350 °C,
the development in the Ag 3ds,» component at lower binding energy
could be explained by less Pd-assisted O, activation. Minor changes are
found in the Pd 3ds/ spectra, possibly due to the main part of the signal
originating from Pd beneath the topmost layer. Lowering the
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temperature below ~250 °C again yields a CO induced component in the
Pd 3ds,2 core level spectra that continues to grow as the temperature
approaches 30 °C, signifying segregation of Pd to the topmost layer. The
contributions induced by CO in Pd 3ds» is smaller than at the start of the
series, implying that more Ag is still present in the topmost layer, and
this behaviour will be further analysed below.

The discussion above shows that there is no simple explanation or
clear trend in the fitted Ag 3ds,2 and Pd 3ds/ core level components as
function of temperature for a single cycle, except that of CO adsorbed.
Extensive experimentation and modelling may be needed to uniquely
explain all the fits, but the remaining discussion focusses on what can be
extracted from the existing data.

3.2. Segregation in the near-surface region during CO oxidation
temperature cycling

The Ag 3ds,» and Pd 3ds,y core levels acquired during the CO
oxidation cycles can also provide insight into the change in the relative
amount of Pd in the near-surface region. The ratio of Pd to total metal for
the 1st, 2nd, 4th and 5th CO oxidation cycles is shown in Fig. 5. It should
be noted that each point in the curve is based on a single sweep from the
in situ measurements of Ag 3ds,» and Pd 3ds,» core levels, and this re-
sults in relatively poor signal-to-noise ratio. It should also be kept in
mind that the depth probed is several atomic layers, with gradually
reducing relative contributions from each layer. The exact surface
composition is hence blurred by the composition of sub-layers and the
distribution between all the probed layers. Despite these limitations, it is
worth to discuss the overall trends. The first cycle starts with the highest
relative amount, 0.73, and this is due to the pre-oxidation to form a bulk-
like PdO layer as described above. The estimated Pd concentration first
decreases with temperature before increasing towards 450 °C. Then, the
relative amount of Pd reduces while maintaining (again for character-
ization purposes) reaction conditions at 450 °C before slightly increasing
upon reducing the temperature. After one full cycle the amount of Pd in
the surface region ends up at a lower level, ~0.65. In contrast, the
estimated ratios in the 2nd cycle show no increase or decrease as the
temperature is ramped up and down. This could indicate that the
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Fig. 5. Relative amount of Pd in comparison to the total amount of Ag and Pd
in the probed layers of Pd;s0,Ag250,(100) as function of sample temperature
under 0,:CO=10 and ~1.1 mbar total pressure. Red curves represent heating
and blue curves the subsequent cooling. Cycles 1-2 were made with 450 °C (left
panel, a-b), and cycles 4-5 with 600 °C (right panel, c-d) maximum tempera-
ture. The corresponding heating rates in the range 0.1-0.4 °C/s are indicated.

redistribution between Pd and Ag within the probed layers is not
prominent, likewise the exchange with the bulk, in this range of tem-
perature. Nevertheless, the reversed hysteresis in the reaction data
(Fig. 3b-c) suggest that there are changes in the surface layer composi-
tion. It could be that these changes mainly occur within the 2-3 outmost
layers.

The fourth cycle is the first cycle for which the maximum/end tem-
perature and rate were increased. The relative amount of Pd decreases
from ~0.63 at room temperature to ~0.57 at 600 °C, and subsequently
decreases to roughly the same level as the temperature goes down. The
same trend and similar values are found for the fifth cycle, which had the
same setpoint temperature, but a higher rate of 0.4 °C/s. These results
indicate that the segregation kinetics are to a certain degree facile within
the probed layers across the temperature range, in partial contrast to the
cycles 1-2. The temperature dependency of the CO, formation changes
significantly, however, especially for cycle 4 where an increase in tem-
perature from the previous cycles resulted in a marked change in the
hysteresis curve (Fig. 3). This suggests that compositional changes
beyond those captured by the ratio estimates take place, as for the first
two cycles. Theoretical calculations indicated that the interface between
the surface oxide and bulk structure on Pd75 %Ag25 %(100) consists of
a silver rich layer [35], and the situation might be similar for a CO
covered surface. An enrichment of Ag directly beneath the topmost
surface layer is a possible explanation for the changes observed in the
hysteresis curves (Fig. 3).

In summary, we may conclude that segregation phenomena do take
place and can be accounted for by assessing the relative amount of Pd.
The constraints on probe depth in the applied setup make it difficult to
capture the full segregation dynamics. Reducing the probe depth
through a lower photon energy (e.g. 410 eV for Pd 3d) was not a prac-
tical solution at the applied setup due to a reduced intensity and higher
level of background in comparison to 450 eV, and using 400 eV was not
possible because of the x-ray windows. Furthermore, there is a
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significant reduction in cross section for Ag 3d at 410 eV compared to
450 eV. Applying two different photon energies throughout the in situ
measurements of core levels Ag 3d and Pd 3d was also not feasible, and
neither is it possible to apply a grazing angle in the applied reaction cell.

3.3. Changes in the composition of the topmost layer determined by
adsorbed CO

Although it was not possible to adjust the surface sensitivity further,
the amount of CO present on the surface provides a measure of the
amount of Pd in the top layer since CO will preferentially adsorb on Pd
and not Ag [56-61]. As discussed in section 3.1, the Pd 3ds,2 core level
at ambient temperature contains contributions from Pd in the bulk and
CO-induced peaks, i.e., a shift in binding energy due to CO adsorbed on
Pd. These latter contributions can be used as another way of assessing
the exchange of Pd to and from the topmost surface layer.

The fraction of surface Pd bonded to CO was estimated through
fitting each sweep of the Pd 3ds; live spectra (Fig. 4) in the temperature
range where the CO coverage is appreciable (ambient temperature to
~250 °C). Fig. 6 shows the relative amount of CO bonded to Pd for the
2nd, 4th and 5th cycle, and the corresponding Pd 3ds,» spectra at room
temperature at the beginning and end of these cycles are shown in Fig. 7.
Fig. 6 shows that the relative amount of Pd bound to CO during heating
and cooling, varies in the range 0.12 to 0.34 at ambient temperature,
and 0.04—0.10 at 250 °C. It should be kept in mind, however, that this
relative amount also reduces due to CO desorption at increased tem-
perature. Moreover, there is no clear trend with respect to the CO
oxidation cycle history, i.e. no consistent increase or decrease with
increasing cycle number. Thus, the near-ambient temperature region is
the most informative, and here the amount of surface Pd is consistently
higher for the core levels recorded before starting a cycle than at the end
of a cycle. This shows that CO pulls Pd to the surface at ambient tem-
peratures. CO-induced segregation of Pd has previously been predicted
through DFT calculation for Pd-Ag surfaces [3]. Fernandes et al. [33]
reported that the smaller relative spectral intensity of the CO-induced
peak in the Pd 3ds/, core level was smaller for Pdyse,Ag250,(100) at 35
°C in comparison to Pd (100) at 80 °C, and discussed how the results
inferred Ag in the surface.

The profiles in Fig. 6 show a relatively strong decrease in CO bonded
to Pd with increasing temperature, and then a more moderate increase
as the CO coverage increases again upon lowering the temperature.
Correspondingly, the amount of CO bound to Pd displayed in Fig. 7 is
higher at the start of each cycle in comparison to the end. This signifies a
higher level of Ag in the 1-2 topmost layers at the end of each cycle and
testifies again to combined effects of coverage and segregation kinetics

0.4
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. — 2nd cool
pe— 4th heat
o 4th cool
- 5th heat

- 5th cool
0.2

0.14

Relative amount of Pd bound to CO

0.0-L——
50

=7 = T
100 150 200

Temperature (°C)
Fig. 6. Relative amount of Pd bound to CO in comparison to the total amount
of Ag and Pd in the probed layers during CO oxidation over Pd;s¢,Ag250,(100) as

function of sample temperature, for the 2nd (0.1 °C/s), 4th (0.2 °C/s) and 5th
(0.4 °C/s) cycles. 02:CO=10:1 and ~1.1 mbar total pressure.
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Fig. 7. Pd 3ds/, core levels acquired at room temperature right before (left)
and after (right) the 2nd, 4th and 5th CO oxidation cycles over
Pd;50,A8250,(100). The spectra were measured using a photon energy of 450 eV,
0,:C0=10:1 and ~1.1 mbar total pressure.

that moderates the segregation of Pd towards the surface upon cooling.

For all the cycles in Fig. 6 the relative amounts in the cooling cycle
are relatively close in value, whereas there are larger differences be-
tween the heating sections of the cycles. Regardless of the amount of
surface Pd at the beginning of a cycle, the values at the end of the cycle
indicates a surface with more similar levels of surface Pd as the previous
cycles. This is also reflected in Fig. 7 where the relative weight of CO
bonded to Pd is similar for the spectra at the end of each cycle. The
previous work of Fernandes et al. [33] on CO oxidation over
Pd750,A8250,(100) suggested, based on theoretical calculations and
comparisons between Pd 3d and Ag 3d before and after a cycle, that
although the adsorbate coverage increased upon a reduction in tem-
perature, there might be kinetic limitations for obtaining a Pd rich
surface. In contrast, and analogous to the segregation within all the
probed layers (Fig. 5), Figs. 6 and 7 infer that the segregation kinetics are
relatively facile within the topmost layers and that the coverage effects
actually control the termination.

There is a difference in the spectral weight of the Pd bound to CO
between the end of the 4th cycle and the beginning of the 5th cycle
(Fig. 7). The time between the sample reached room temperature at the
end of the 4th cycle and the start of the temperature ramp in the 5th
cycle was approximately 80 min. This result infers that there is an
enrichment of Pd in the surface, hence appreciable segregation kinetics
at ambient temperature. Spronsen et al. [62] also found through
NAP-XPS exposure of Ag/PdAg/Ag(111) islands to ~0.7 mbar CO at
ambient temperature induced migration of Pd towards the surface.

The time residing between cycles was not systematically varied, and
the time window between the end of the 3rd and start of the 4th tem-
perature cycle was approximately 60 min. Although this is shorter than
between the 4th and 5th cycles, a largest relative amount of Pd in the
surface was found for the start of the 4th cycle. Hence, there are addi-
tional factors that affect the amount of Pd in the surface than time of
exposure to adsorbates at temperatures below 250 °C. The segregation
kinetics in the topmost layers could be more facile than segregation deep
within the bulk, yielding overall more exchange between Pd and Ag in
the near-surface region during the cycling to 600 °C than to 450 °C.

4. Conclusion

The segregation behaviour of a Pdyse,Ag2s50,(100) single crystal
during CO oxidation in oxygen rich conditions at a total pressure of 1.1
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mbar was investigated using a combination of quadrupole mass spec-
trometry and near-ambient pressure x-ray photoelectron spectroscopy.
Throughout six CO oxidation cycles with different heating rates and
maximum temperatures of 450 °C or 600 °C we observe dynamic
changes in the surface composition during reaction. The CO, formation
hysteresis curves observed upon subsequent heating and cooling ramps
were found to depend on initial conditions, heating rate and maximum
heating temperature. After initial oxidation of the surface that leaves a
rather thick Pd-oxide, a normal hysteresis curve in the CO, formation is
observed, consistent with a practically Pd terminated surface. Reversed
hysteresis is obtained in the following cycles upon heating to 450 °C in
agreement with previous work. The CO, formation profile considerably
changes upon heating to 600 °C, first displaying a prominent reversed
hysteresis and thereafter very similar temperature dependency during
heating and cooling, and less impact of mass transfer limitations.

By following the Ag 3ds,3 and Pd 3ds/, core levels we show that it is
possible to monitor cyclic segregation behaviour in Pd-Ag alloy surfaces,
where the amount of Pd in the surface decreases upon heating under CO
and O gas mixtures. The segregation behaviour is reversed upon cool-
ing. Assessment of the relative amount of Pd-to-total-metal captures
some of the segregation behaviour but is insufficient with respect to
revealing the changes in composition dynamics of the topmost 1-2
layers that clearly affect the reaction. Additional information could be
extracted by quantifying the contribution to the Pd 3ds,, core level that
originates from CO bound to Pd. The spectra obtained while residing
60-80 min at ambient temperature revealed discernible kinetics of the
Pd segregation to the topmost surface layer at these conditions, evident
by the observed build-up of CO and consistent with more Pd slowly
being pulled to the topmost surface layer.
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