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a b s t r a c t

The surface reactivity during CO oxidation over Pd(111) and Pd75%Ag25%(111) single crystals has been
investigated using near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) under excess oxy-
gen conditions (p � 2 mbar, O2:CO=10). The (

p
6�p

6) Pd5O4 surface oxide is present on Pd(111) when
the surface is highly active under the applied conditions. The CO2 formation profile follows a hysteresis
upon temperature cycling between 150 and 450 �C that depends on the temperature ramp rate. The
behavior is different for Pd75%Ag25%(111), with the CO2 formation rate considerably lower, no surface
oxide and only chemisorbed oxygen present at the surface at high temperature, reversible scrambling
of the (near) surface Pd/(Pd+Ag) ratio, and no hysteresis behavior observed. The results suggest that
the reactant activation is affected by both surface composition and surface termination, i.e. mechanisti-
cally different on Pd75%Ag25%(111) than Pd(111), and less efficient on (111) as compared to the (100)
alloy counterpart.

� 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The segregation dynamics in the near-surface region (a few
atomic layers) of bimetallic catalysts in response to the chemical
environment is important to the catalytic performance. Near-
ambient pressure X-ray photoelectron spectroscopy (NAP-XPS)
using tuneable, high brilliance, synchrotron light offers the oppor-
tunity to determine such segregation and its impact on the surface
reaction. We have previously studied the oxidation of CO under
excess oxygen over Pd75%Ag25%(100) at temperatures up to
600 �C and compared it to pure Pd(100) [1,2]. Several in situ
NAP-XPS and surface X-ray diffraction (SXRD) studies have shown
the latter to be terminated by an ordered (

p
5x

p
5)R27� surface

oxide at high catalytic activity under excess oxygen [2–6], i.e. after
light-off and lifting of the inhibiting CO coverage above �190 �C
temperature. In this regime, the reaction rate is usually restricted
by the diffusion of CO towards the surface (mass transfer limit –
MTL) for the reaction cells adapted to single crystals and XPS [7–
9]. Moreover, the extinction, i.e. establishing a high, inhibiting CO
coverage upon reducing the temperature, often takes place at a
lower temperature than the ignition [2,10]. But while Pd75%-
Ag25%(100) may form a similar oxide in pure O2, the oxide is not
present in equivalent CO oxidation experiments [1,2]. We also
found that Pd75%Ag25%(100) exhibited a ‘‘reversed” ignition-
extinction hysteresis as compared to that of pure Pd(100). This
behaviour was first attributed, based on computational simula-
tions, to originate from segregation of Ag to the surface at high
temperature and low coverage [2], and recently we confirmed
the presence of a reversible variation in Pd/(Pd+Ag) within the
�6 uppermost atomic layers during temperature cycling under
O2:CO=10 by NAP-XPS measurements [1].

Our measurements also demonstrated that in the case of the
Pd75%Ag25%(100) alloy surface, the hysteresis in CO2 formation (ac-
tivity) was dependent on experimental history in terms of maxi-
mum temperature and heating rate, i.e., normal, reversed and no
hysteresis behaviour were all observed. Given that the segregation
could be detected even at ambient temperature, it seems that
adsorbate binding is the main controlling phenomenon for the sur-
face termination, but that the changes cannot be fully captured by
a Pd5/2 peak originating from the total XPS sampling depth.

Similarly to Pd(100), a surface oxide can form on Pd(111) [11–
17] and Duan and Henkelman [17] have summarized the experi-
mental findings for CO oxidation over Pd(111) in their combined
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DFT and kinetic modelling. Two ordered oxide structures are
prevalent under oxygen; a p(2 � 2) overlayer and a (

p
6�p

6)
Pd5O4 surface oxide equivalent to 0.25 and 0.80 monolayer (ML)
coverage, respectively [17]. The mentioned authors estimated sim-
ilar oxygen binding energy gains for the two, hence their relative
stability depends on the oxygen partial pressure. The state of the
Pd(111) surface during CO oxidation, the nature of the active site
(Pd vs Pd-O), and the mechanistic implications of these are still
somewhat debated [6,18]. Early NAP-XPS experiments at
O2:CO=10 and 0.3 mbar by Toyoshima et al. [19] reported the
Pd5O4 surface oxide as present at high CO2 formation at 300 �C,
but gradual transition to PdO and lower activity at 400 �C. Duan
and Henkelman also concluded the thin Pd5O4 surface oxide to
be thermodynamically stable for O2:CO a 1 and T > 300 �C, with
the reaction following a Eley-Rideal mechanism.

Comparable CO oxidation experiments on Pd1-xAgx(111) alloy
surfaces are – to the extent of our knowledge – not available in
the literature. The addition of Ag to a Pd surface or catalyst gener-
ally moderates the reaction rate both in oxidation and hydrogena-
tion, the latter enabling, e.g., higher alkene yields. In Pd-based
hydrogen membranes, Ag addition increases the structural stabil-
ity and decreases cost with negligible negative effect for an opti-
mum ratio of Pd/Ag � 3 on H2 adsorption, dissociation, and bulk
transport (in fact, decreased diffusivity is compensated by
increased solubility of H atoms) (see e.g. [20] and references
therein). We are, however, still investigating the extent to which
segregation phenomena affect the performance of low thickness
(<10 lm) polycrystalline membranes. It has long been established
that Ag termination is energetically favourable in vacuum/inert,
while presence of adsorbates promotes Pd termination [21–23].
Hence, the dynamic response to the gaseous reaction environment
is a function of the chemical potential in conjunction with the seg-
regation kinetics [24], i.e., temperature, pressure and composition.

In this work the segregation was monitored in situ for a Pd75%-
Ag25%(111) single crystal under CO oxidation (O2:CO=10) temper-
ature cycles in NAP-XPS. The activity and surface characteristics
are compared to Pd(111), as well as the corresponding (100)
counterparts. In addition, we have – based on previous experience
� improved the experimental protocol for the temperature cycling
by establishing a reproducible, oxidized surface at high tempera-
ture (450 �C) and applying first cooling and then heating ramps.
2. Materials and methods

The NAP-XPS experiments were performed at the MAX IV Lab-
oratory’s HIPPIE beamline [25]. Descriptions of the end-station
with the ambient pressure cell (AP-cell) and hemispherical elec-
tron analyser with differential pumping have been published else-
where [26]. The AP-cell used as a reactor with the sample installed
allows NAP-XPS measurements pressures up to �30 mbar. A
300 lm differentially pumped aperture and a sample-aperture dis-
tance of �0.6 mm ensure stable pressure on the sample while min-
imizing the photoelectron attenuation [27]. Details regarding
sample heating and gas exposure are also described elsewhere [1].

Pd(111) and Pd75%Ag25%(111) single crystals, obtained from
Surface Preparation Laboratory and Mateck, respectively, were
studied under similar conditions and compared. The single crystals
were mounted on steel (304 L) plates and fastened by steel (304 L)
clips with a K-type thermocouple spot-welded to the side of the
crystal. Cleaning was performed by standard cycles of argon sput-
tering and subsequent annealing (450–540 �C) in oxygen (pO2

�1�10-7 mbar). Survey scans were obtained to assess the cleanli-
ness of the crystal, with no additional elements besides Pd and
Ag observed except trace amounts of Si on the Pd75%Ag25%(111)
sample that we concluded not to affect the experiments (see Sup-
195
porting information Fig. S1). The following core level regions were
acquired: O 1 s at 650 eV photon energy, Pd and Ag 3d at 450 eV,
and C 1s at 450 eV and 390 eV. The same photon energies were
applied in our work on Pd75%Ag25%(100) and represent a compro-
mise between surface sensitivity, scattering cross section, and
monochromator performance. All spectra were measured at nor-
mal emission and calibrated to the Fermi edge.

CO oxidation over Pd(111) and Pd75%Ag25%(111) at �2 mbar
during temperature cycling in the range 150–450 �C was investi-
gated following the Ag, Pd and C core levels. The protocol for each
CO oxidation cycle was: i) Initial exposure in O2 (5 mL/min, 1–
2 mbar) at 450 �C for �10 min; ii) addition of CO (0.5 mL/min
and total pressure of �2 mbar) while keeping the sample at
450 �C for �10 min; iii) cooling to 150 �C; iv) dwell at 150 �C typ-
ically around 5 min; and v) heating to 450 �C. Three different tem-
perature ramp rates were applied; 0.1, 0.4 and 1 �C/s. This protocol
intended to ensure a relatively stable starting point – an oxidized,
Pd-rich surface – between cycles, since red/ox phenomena may
take place with CO present and since, albeit slow, segregation
may also occur at low temperature [1]. A filter was used on the
CO gas line to ensure removal of possible carbonyl species. Quad-
rupole mass spectrometry (QMS) was used to measure the compo-
sition of the gas leaving through the nozzle of the analyser cone,
i.e., close to the sample surface. XPS spectra, QMS signals and tem-
perature were recorded separately and subsequently time-
correlated and plotted against temperature. Analysis of the
acquired core level spectra was performed similar to that of our
previous study on Pd75%Ag25%(100) [1]. The spectra were fitted
using a Doniach-Šunjić line shape [28] convoluted with a Gaussian
line shape. A linear background was applied. The bulk components
of Pd(111) and Pd75%Ag25%(111) were fitted with an asymmetric
line shape, whereas no asymmetry was applied to adsorbate
induced peaks of Pd 3d5/2. All displayed spectra are normalized
at the low binding energy side. The areas of the acquired core
levels were corrected with cross sections [29] and electron mean
free paths of 4.05 and 4.13 Å (Ag 3d), 3.86 and 4.13 Å (Pd 3d),
and 0.35 and 8.95 Å (C 1s), respectively. No corrections for differ-
ences in transmission through the analyser were made. Full CO
oxidation cycles (steps i-v) for Pd(111) and Pd75%Ag25%(111)
showing the CO and CO2 QMS signals in addition to the tempera-
ture profile is shown in Fig. S2.
3. Results

CO2 formation profiles and overall changes to the core level
spectra for Pd(111) (Pd 3d5/2 and C 1s) and Pd75%Ag25%(111) (Pd
3d5/2, Ag 3d5/2 and C 1s) as acquired in situ during first oxygen
exposure and then CO oxidation cycled down to 150 �C and back
up to 450 �C are shown in Fig. 1. Fitted Pd 3d5/2 spectra at selected
conditions are plotted in Fig. 2.

Fig. 1a compares the CO2-MS signals for the two surfaces. Pd
(111) displays the characteristic extinction-ignition behavior attri-
butable to mass transfer limitations at high temperature and CO
inhibition at low temperature. In excess oxygen, the extinction
occurs at �210 �C (evaluated at 50 %) and the light off appears at
�230 �C with abrupt transitions between the high CO2 formation
regime and CO poisoning. This is commonly observed for Pt-
group metals [10,30]. The current results show that the hysteresis
behaviour of Pd(111) is dependent of the temperature ramp rate
(Fig. S3 a–c), since with slow heating or cooling, the transition
between high CO coverage and surface oxide occurs at similar tem-
perature, the surface coverages thus being more equilibrated.

The CO oxidation activity is significantly reduced for the the
Pd75%Ag25%(111) counterpart, to the extent that a mass transfer
limit is never reached and with no apparent extinction-ignition



Fig. 1. CO2 formation profiles and corresponding XPS live spectra (450 eV photon energy) under CO oxidation conditions (O2:CO=10 at �2 mbar). The surfaces were initially
exposed to O2 only at 450 �C before introduction of CO (marked with horizontal lines) and cycling from 450 to 150 and back to 450 �C. a) CO2-MS for Pd(111) in
black/magenta and Pd75%Ag25%(111) in blue/red for cooling/heating (0.4 �C/s), respectively. b) Pd 3d5/2 and c) C 1s core level regions (0.1 �C/s) for Pd(111). d) Ag 3d5/2, e) Pd
3d5/2 and f) C 1s core level regions (0.1 �C/s) for Pd75%Ag25%(111). The color scale goes from white/pink through red, orange, yellow, green and turquoise to blue/black, with
yellow-green in the center of the intensity scale. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Fitted Pd 3d5/2 spectra for (a) Pd(111) and (b) Pd75%Ag25%(111) from Fig. 1
taken at 450 �C with O2 only, and at 450–150�450 �C for temperature cycling under
CO oxidation conditions (O2:CO=10 at �2 mbar, 0.1 �C/s). Bulk components are
represented in blue, oxygen induced components are represented in green and
brown and CO induced compoents are represented in pink and light pink. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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hysteresis behaviour (Fig. S3d–f). The decrease/increase in CO2 for-
mation with temperature is slow, and there appears to exist two
regimes, 300–400 �C and 200–300 �C, of which the latter repre-
sents very low activity. These reactivity profiles were consistent
196
over repeated cycles, irrespective of the temperature ramp rate.
This indicates that the chosen protocol enables linking the beha-
viour to the surface composition of the bimetallic system without
taking into account the temperature cycling and reactant exposure
history of the Pd75Ag25(111) alloy surface.

The Pd 3d5/2 spectrum of Pd(111) (Fig. 1b) shows overall little
change upon introducing CO alongside oxygen and ramping down
in temperature until the point at which the activity drops. The
extinction at �210 �C is associated with the appearance of
adsorbed CO (285.7 eV) in the C 1s core level spectra (Fig. 1c), sig-
nifying high CO coverage. The main C 1s component at 285.7 eV
corresponds to CO occupying bridge and hollow sites on the Pd
(111) surface, as previously found (285.6 eV) for 0.5 ML CO [31].
In addition, the peak assigned to gas phase CO2 (�292.0 eV) disap-
pears while that of gas phase CO (�289.7 eV) appears [3]. The tem-
perature dependence is similar upon cooling and heating, with the
exception of the (rate dependent) difference in transition temper-
ature. The transition in and out of the CO inhibited regime is asso-
ciated with a shift in the sample work function – seen as a shift in
the CO2 gas phase contribution [32–34].

The changes throughout the cycle are more prominent for the
Pd75%Ag25%(111) surface (Fig. 1d–f). During the short initial oxida-
tion under only O2 exposure at 450 �C, the Ag 3d5/2 signal clearly
weakens and the total Pd 3d5/2 contribution increases. This shows
that Pd segregates to the surface at these conditions. There is a
clear change upon adding CO to start the reaction, with Ag 3d5/2

again increasing and the high binding energy part of the Pd 3d5/2

contribution diminishing. When decreasing and thereafter increas-
ing the temperature there are no abrupt transitions, and the cool-
ing and heating behaviours are similar. Pd 3d5/2 develops a small



Fig. 3. The relative amount of Pd (Pd/(Pd+Ag)) in Pd75%Ag25%(111) throughout the
initial oxidation (indicated by shade) and temperature cycling from 450 to 150 to
450 �C under CO oxidation conditions (O2:CO=10 at �2 mbar) at a rate of (a) 0.1 �C/
s, (b) 0.4 �C/s and (c) 1 �C/s.
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high binding energy contribution. The weak C 1s contributions are
consistent with gradual build-up of adsorbed CO (285.7 eV). The
presence of gas phase CO (�290.3 eV) near the surface suggests
absence of mass transfer limitations, but its varying intensity over
the temperature cycle is mainly caused by temperature effects,
such as thermal expansion affecting the gas volume probed. The
difference of 0.6 eV between gas phase CO on the two surfaces is
due to changes in work function between Pd(111) and Pd75%-
Ag25%(111). Christmann and Ertl [35] reported a difference in work
function of about 0.6 eV between Pd and Pd-Ag (22 % Ag) films at
room temperature with adsorbed CO.

The details of the Pd 3d5/2 spectra are better discussed in terms
of high-resolution spectra as displayed in Fig. 2. Formation of a Pd
surface oxide results from the initial exposure to O2 at 450 �C on
both Pd(111) and Pd75Ag25(111) (Fig. 2a-b, lower panels). The
Pd 3d5/2 spectra contain two significant oxygen induced compo-
nents in addition to the bulk component (in blue), which can be fit-
ted at 334.7 eV for both samples [1,15,36]. For Pd(111) (Fig. 2a),
the oxide peaks are large relative to the bulk peak and shifted by
0.4 and 1.2 eV (in green and mustard), consistent with the Pd4O5

surface oxide with twofold and fourfold coordinated Pd atoms pre-
viously reported [11,37]. This assignment is corroborated by the
ratio between the two oxygen induced peaks, which is 1:0.22,
i.e., same as previously reported in the literature [11]. In addition,
a minor peak at 336.9 eV is included to the fit, indicating that a
small fraction of multilayer Pd-O has formed on the Pd(111) sur-
face [12,15,38]. Transition from an oxidized surface to CO oxida-
tion conditions introduces practically no changes to the spectrum
of Pd(111). Hence, the predominant surface structure when the
surface is highly active, under the conditions applied here, is the
(
p
6�p

6) Pd5O4 surface oxide. The CO inhibited regime at low tem-
perature is associated with a major contribution in Pd 3d5/2

(335.4 eV, in pink) due to adsorbed CO in 3-fold hollow sites and
bridge sites [15,31], and a weak contribution from CO in top sites
(336.0 eV, in light pink) [15].

The Pd75%Ag25%(111) surface exhibits similar features as Pd
(111) under pure oxygen exposure (Fig. 2b, lower panel). The
two surface oxide induced Pd 3d5/2 peaks are again shifted by 0.4
and 1.2 eV (in green and mustard) with an intensity ratio of
1:0.22. The total intensity of the two oxygen induced peaks is con-
siderably lower relative to that of the Pd 3d bulk component than
was the case for Pd(111). This implies presence of the same sur-
face oxide as Pd(111), but without completely covering the sur-
face. Then, contrarily to the pure Pd(111) surface [15] but
similar to Pd75%Ag25%(100) [2], the peaks representative of a sur-
face oxide immediately disappear upon introducing CO albeit the
high O2 excess (10:1). Only a small contribution ascribed to chemi-
sorbed oxygen remains, as also inferred for Pd75%Ag25%(100) [2]. As
the temperature is decreased to 150 �C, two CO induced contribu-
tions appear in the Pd 3d5/2 spectrum, at binding energies of
335.4 eV (3-fold hollow and bridge, in pink) and 336.0 eV (top, in
light pink), respectively, as for Pd(111). The corresponding Ag
3d5/2 spectra are shown in Fig. S4 and have one contribution at
around 367.3 eV, similar to that of the Ag 3d5/2 bulk component
found for Pd75%Ag25%(100) [1]. As for Pd(111), the spectrum
acquired at the end of the CO oxidation cycle at 450 �C (Fig. 2b,
top panel) shows no significant difference from that obtained ini-
tially (Fig 2b, second panel from the bottom).

Fig. 3 shows the relative amount of Pd in comparison to the
total amount of Pd and Ag in the uppermost atomic layers of Pd75%-
Ag25%(111) for the CO oxidation series with heating rates of 0.1, 0.4
and 1 �C/s. Each point in the graphs is based on peak areas from a
single sweep of the Pd 3d5/2 and Ag 3d5/2 core levels (as shown in
Fig. 1d and e for the 0.1 �C/s case). During the initial oxidation at
450 �C, the surface becomes enriched in Pd as the Pd surface oxide
establishes. The segregation behaviour of the Pd75%Ag25%(111) sur-
197
face is fairly reproducible under these conditions, reaching a rela-
tive amount of Pd near the surface of about 0.85 after �10 min
oxidation. Upon introducing CO at 450 �C, the relative amount of
Pd decreases by 20–25 % as the oxide is lifted. During the oxidation
series with a temperature ramp of 0.1 �C (Fig. 3a), the fraction of Pd
again increases, from �0.7 to �0.8, as the temperature decreases to
150 �C. This behaviour is reversed upon increasing the temperature
back to 450 �C. The temperature ramp rate of 0.4 �C/s is less
resolved but displays a similar profile (Fig. 3b). At 1 �C/s (Fig. 3c),
however, the temperature ramp rate is too fast to capture all the
details of the segregation.

The surface sensitivity of the Pd ratio assessment is limited to a
few layers [1]. Thus, since CO adsorbs preferentially to Pd sites in
Pd-Ag alloy surfaces [39–44], monitoring the relative amount of
Pd bound to CO adsorbed on the surface provides additional infor-
mation on the composition of the topmost surface layer. The peak
areas representative of Pd bound to CO relative to that of total
metal (Pd 3d5/2 + Ag 3d5/2) of Pd75%Ag25%(111) for the three CO oxi-
dation series with the different temperature ramp rates are shown
in Fig. 4. At around 300 �C, CO starts to accumulate on the surface



Fig. 4. The relative amount of Pd bound to CO to the total amount of Pd and Ag in
Pd75%Ag25%(111) in the range 150 to 300 �C, during temperature cycling from 450 to
150 to 450 �C under CO oxidation conditions (O2:CO=10 at �2 mbar) at a rate of (a)
0.1 �C/s, (b) 0.4 �C/s and (c) 1 �C/s. The blue/red curves indicate cooling/heating,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

I.-H. Svenum, M.D. Strømsheim, J. Knudsen et al. Journal of Catalysis 417 (2023) 194–201
(higher temperatures therefore not included to the plot), as also
seen from the C 1s spectrum in Fig. 1f. Decreasing the temperature
further leads to increased CO coverage on the surface, with the rel-
ative amount reaching 0.4 at 150 �C for the 0.1 �C/s series (Fig. 4a).
Lower relative amounts of CO are obtained for the two series with
faster temperature ramp rates, about 0.3, but with limited experi-
mental precision. The corresponding ratio for Pd(111) at 150 �C is
0.7, for which a coverage in slight excess of 0.5 ML [18,45,46] may
be assumed, since there is a minor contribution from CO in top
sites. The ratio between the CO induced contribution in the Pd
3d and C 1s spectrum amounts to about 2:1 for both Pd(111)
and Pd75%Ag25%(111).

The C 1s spectrum confirms the trends outlined above and the
spectra for Pd75%Ag25%(111) and Pd(111) are compared in
Fig. S5. The main peak attributable to CO occurs at similar binding
energy for the two systems. The difference in sample composition
yields a difference in the work function, noticeable as a shift in the
CO gas phase contribution. The difference in CO coverage is con-
firmed (0.1 �C/s series), with the peak area ratios C/(C+Pd+Ag)
amounting to 0.28 and 0.17 for Pd(111) and Pd75%Ag25%(111),
198
respectively. This implies that the CO coverage is reduced by about
40 %. Hence, a significant fraction of Ag, likely around 40 % [43] is
present in the topmost surface layer for Pd75%Ag25%(111) at 150 �C.
4. Discussion

These results confirm adsorbate induced segregation in Pd75%-
Ag25%(111) and that the amount of Pd in the surface depends on
CO coverage as previously predicted for a Pd3Ag(111) model sur-
face [22,23] and shown experimentally for Pd75%Ag25%(100) [1].
In the following, we discuss the somewhat striking differences
between the two surface terminations, and correlate this to the
effect of Ag and the characteristics of the Pd surface oxides.

The cooling and heating CO2 formation profiles are similar for
all the three different temperature ramp rates investigated, sug-
gesting that the surface segregation dynamics in Pd75%Ag25%(111)
can follow the changes in reaction conditions. This was not quite
the case in our study of the corresponding (100) surface. This we
attribute partially or wholly to the experimental protocol, where
we have changed from cycling upwards after residing at ambient
temperature at varying time and exposure and then down, to start-
ing from a well-defined Pd surface oxide at elevated temperature
(450 �C) cycling down and then up. This at least eliminates the
impact of slow, but noticeable, segregation at low temperature.
Working with (100), we were also able to explore higher temper-
atures (up to 600 �C) than in the present work and this had a dra-
matic effect on the CO2 formation profiles, which change from one
temperature cycle to the next. Even in the presence of adsorbates,
high temperature promotes Ag termination due to the low sticking
[2], and in addition the segregation phenomena may extend fur-
ther into the bulk as the solid state diffusion is facilitated. Likewise,
the variation in Pd/(Pd+Ag) and relative amount of Pd with CO
adsorbed (0.3–0.4) between the temperature ramp rates most
likely reflect time-limitations in the experimental precision rather
than that the surface composition and resulting CO coverage being
impacted by segregation kinetics. For the higher ramp rates, the
number of experimental points is low, and each spectrum series
(�50 sec) is impacted by temperature change during its
acquisition.

The present work establishes, moreover, that during CO oxida-
tion in excess O2, the Pd surface oxide is present on Pd(111) when
it is highly active, as also previously reported [15,17,19]. This is
very clear from the observed work function shift alongside the
Pd4O5 surface oxide fingerprint in the Pd 3d5/2 spectrum. Replacing
25 % of the Pd by Ag changes the active surface to metallic under
O2:CO=10, with some chemisorbed O for both terminations. The
introduction of Ag impacts, however, the (111) case much more
severely than the (100) in terms of kinetics. Care must be taken
in comparing activity data that are partially affected by mass trans-
fer, which depend on the reaction cell and sample geometry as well
as flow, concentrations and pressure. But now we have Pd75%-
Ag25%(111) and (100) cases [1] that have been obtained at the
same end station and reaction cell, and comparable total pressures.
In addition, the older work on Pd75%Ag25%(100) from a different
beamline shows qualitatively similar behaviour in comparison to
Pd(100) [2]. In contrast, the activity of Pd75%Ag25%(111) is (repro-
ducibly with the new protocol) very low and nowhere near any
MTL, while the activity of the (

p
6�p

6) Pd5O4 surface oxide termi-
nated Pd(111) surface is very high.

The analysis based on relative amount of (near) surface Pd and
Pd bound to CO as function of temperature does not provide a
straightforward answer to the prominent difference in activity
between Pd75%Ag25%(111) and Pd75%Ag25%(100). If anything, the
relative amounts of Pd are slightly lower in the (100) as compared
to the (111) case for a given temperature [1], while the activity is
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higher. The relative amount of adsorbed CO is also larger for Pd75%-
Ag25%(111) compared to Pd75%Ag25%(100) at 150 �C, 0.3 vs 0.15
upon decreasing the temperature to 150 �C under similar condi-
tions. Thus, the (111) surface is as least as Pd rich as its (100)
counterpart, and we may need to look at the structure and the acti-
vation of CO and oxygen.

The higher number of Pd bonded to COmay in part be explained
by differences in adsorption sites. On the (100) facet of palladium-
based surfaces, CO is known to occupy bride sites at coverages up
to 0.5 ML with the surface Pd atoms coordinated to one or two CO
molecules [47]. At similar coverage, CO adsorbs in both hollow and
bridge sites on (111), for which all the surface Pd atoms are coor-
dinated to CO [15,31]. At higher coverages also top sites can
become occupied for both surface orientations. For the Pd-Ag sur-
faces, the adsorption site can also change depending on available
Pd atoms in the surface, since CO only bonds to Pd [39–44]. In
Pd-Ag systems, CO is known to bind strongest to hollow sites made
up by Pd [23,43], but the availability of such sites is reduced as the
amount of Ag in the topmost surface layer increases. This leads to
higher amount of bridge and top bonded CO on Pd75%Ag25%(111),
which is consistent with previous results for a Pd-Ag surface alloy
[43]. Even though it was difficult to distinguish hollow and bridge
bonded CO in our Pd 3d5/2 fitting, a higher relative amount of top
bonded CO is present in the spectra.

The higher amount of Pd bonded to CO at 150 �C also indicates
that CO binds stronger to Pd75%Ag25%(111) than to Pd75%-
Ag25%(100). In general, CO adsorbs stronger to hollow sites as com-
pared to bridge sites. The stronger CO binding is also supported by
the fact that the onset of CO2 formation occurs at higher tempera-
ture. Previous investigations of CO oxidation comparing Pd(100)
and Pd(111) predicted that coverage effects influenced the activity
of the latter surface orientation to a larger extent [48]. This may
still be valid for the bimetallic system. The higher adsorption
energy of CO leads to a higher desorption temperature, and with
CO situated in hollow sites three surface Pd atoms are likely inhib-
ited on Pd(111)/Pd75%Ag25%(111). The stronger adsorption of CO
may hence be one reason for its lower activity towards CO2 forma-
tion for Pd75%Ag25%(111) relative to Pd75%Ag25%(100).

As the temperature increases beyond �300 �C, adsorbed CO is
no longer detectable from the Pd75%Ag25%(111) spectra (C 1s,
Fig. 1f), i.e., the coverage is very low, and the difference in activity
between Pd(111) and Pd75%Ag25%(111) cannot be ascribed to CO
poisoning. Moreover, even though a surface oxide can form on
the Pd75%Ag25%(111) surface under pure oxygen exposure at
450 �C, it immediately disappears upon introduction of CO, render-
ing the surface metallic and increasingly Ag rich. The activation of
oxygen may hence be less efficient and mechanistically different
on Pd75%Ag25%(111) as compared to Pd(111). Albeit the small Pd
3d5/2 contribution ascribed to chemisorbed oxygen, the activation
of O2 is not sufficiently fast to replace the oxygen removed by
CO2 formation on Pd75%Ag25%(111). This supports the notion of
the Pd4O5 surface oxide as key to the high CO oxidation activity
over Pd(111) through Mars-van Krevelen (O2 activation) and/or
Eley-Rideal (CO activation) type steps [17,49].

Finally, an advantage of a moderated Pd oxidation catalyst is
that it offers a direct link between activity and the detailed surface
characteristics, i.e., a measurable rate and little or no impact of
mass transfer limitations. This has been difficult under the geomet-
rical and analytical restrictions of in situ AP-XPS investigations,
requiring a well-defined (single) crystal surface inside a volume
that easily lends itself to concentration gradients [50,51]. Oxida-
tions are often so fast that diffusion limitations are quickly estab-
lished, while the product formation over single crystals can be
difficult to quantify in slower systems such as CO/CO2 hydrogena-
tion when combined with in situ spectroscopy or microscopy [52].
The alloying introduces alternative challenges, though, since the
199
reaction rate will be impacted by the reactant and temperature-
controlled segregation. As the temperature is increased, more Ag
segregates to the surface and this supresses activation of oxygen,
as well as CO adsorption, and hence CO2 formation.

Nevertheless, an apparent activation energy was estimated
from the 320–400 �C CO2 formation data as 28 ± 3 kJ/mol with
the Arrhenius plot displayed in Fig. S6. We chose this temperature
interval due to a reasonable signal to noise ratio and limited Pd/Ag
exchange in the near surface region as inferred from Fig. 3 (keeping
in mind that the exchange to/from the topmost layer may be more
significant). This value may be compared to experimentally deter-
mined barriers for CO oxidation over Pd(111) in the range 50–
160 kJ/mol that in different ways take into account coverage and
(surface) oxide effects and generally yield higher barriers at low
coverage and higher temperature [53,55–57]. The Pd/Ag scram-
bling thus clearly affects the apparent barrier, and a more exact
determination would require more precise control of the surface
composition across the temperature range, preferentially by
increasing the NAP-XPS surface sensitivity. An even lower barrier
seemingly exists in the 200–300 �C (�7 kJ/mol, low S/N), with
the activation likely moderated by more prominent changes in
the surface Pd/Ag ratio.
5. Conclusion

The present work demonstrates how the surface termination
and segregation in a Pd75%Ag25%(111) single crystal can be studied
in conjunction with the CO oxidation surface reactivity in NAP-XPS.
An experimental protocol involving first creating a PdO layer in the
near-surface region enabled better reproducibility over repeated
temperature cycling, i.e., minimized impact of the exposure and
cycling history of the alloy compared to our previous work on
Pd75%Ag25%(100). The Pd(111) results support previous reports
claiming this surface to be terminated by a (

p
6�p

6) Pd5O4 surface
oxide at high activity, during which the CO2 formation is mass
transfer limited in the present set-up. The transition to/from a
CO inhibited Pd(111) surface with no surface oxide upon decreas-
ing/increasing temperature is abrupt with the associated CO2 for-
mation hysteresis being dependent on the temperature ramp rate.

The C 1s comparison with Pd(111) also rationalized that about
40 % of Ag atoms are present in the Pd75%Ag25%(111) surface at
150 �C and O2:CO=10. This fraction increases with temperature,
as shown by the relative amount of Pd in the near-surface region
(Pd/(Pd+Ag)) and the relative amount of Pd bound to CO to the
total amount of Pd and Ag decreasing. This behavior is reversible,
as is the reactivity, and shows that the termination is largely adsor-
bate coverage controlled. The CO2 formation is much lower than on
Pd(111) and there are no hysteresis effects. In contrast to Pd(111),
and albeit the (

p
6�p

6) Pd5O4 surface oxide also forming Pd75%-
Ag25%(111) under pure O2, the surface oxide is immediately lifted
upon changing to O2:CO=10 at 450 �C and only small amounts of
chemisorbed O are present on the surface. An activated reaction
with gas phase CO present near the surface suggests absence of
mass transfer limitations for the Ag moderated Pd system, but
the apparent activation energy (�30 kJ/mol) obtained from the
data is probably affected by the temperature dependent surface
Pd/Ag ratio as well as coverage effects. As the temperature
increases beyond �300 �C and the CO coverage becomes low, inef-
ficient activation of O2 is likely causing the poor activity observed
for the (111) metallic alloy surface.

Finally, there are some interesting differences between Pd75%-
Ag25%(111) and its (100) counterpart. The terminations are similar
with respect to formation of surface oxides under pure O2

((
p
5�p

5)R27� in the case of Pd(100)) that are lifted upon addition
of CO. But the presence of 25 % Ag in the alloy affects the Pd75%-
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Ag25%(111) reactivity more severely than Pd75%Ag25%(100),
although the relative amount of Pd in the near-surface region
(Pd/(Pd+Ag)) and the relative amount of Pd bound to CO to the
total amount of Pd and Ag both are higher in the former. We sug-
gest that this originates from a stronger binding of CO compared to
Pd75%Ag25%(100), and also relative to Pd(111).
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