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ABSTRACT
The surface chemical states of Pd(100) during CO oxidation were investigated using ambient pressure x-ray photoelectron spec-
troscopy and mass spectroscopy. Under the reactant ratio of CO/O2 = 0.1, i.e. an oxygen-rich reaction condition, the formation
of surface oxides was observed with the onset of CO oxidation reaction at T = 525 K. As the reactant ratio (CO/O2) increased
from 0.1 to 1.0, ∼ 90 % surface oxides remains on surface during the reaction. Upon the formation of surface oxides, the core
level shift of oxygen gas phase peak was observed, indicating that change of surface work function. As CO oxidation takes places,
i.e. making a transition from CO covered surface to the oxidic surface, the work functions of surface oxide on Pd(100) and Pt(110)
display opposite behavior.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5081066

INTRODUCTION

The correlation between surface oxides and its cat-
alytic reactivity has been continuously investigated for many
years as practical catalysts under reaction conditions exhibit
apparent both surface structural modification and oxida-
tion.1 With the development of numerous innovative in
situ operando surface science tools, such as polarization
modulation infrared reflection absorption spectroscopy
(PM-IRRAS),2 high-pressure scanning tunneling microscopy
(HP-STM),3 surface X-ray diffraction (SXRD),4 and ambient

pressure X-ray photoelectron spectroscopy (AP-XPS),5 the
formation/characteristics of surface oxides under reaction
conditions, e.g. high temperature and pressure have been
clearly disclosed. In many of these studies, CO oxidation reac-
tion has been employed as it involves standard heterogeneous
reaction mechanisms, e.g. molecular adsorption/desorption
of reactants, dissociative adsorption of a reactant, and sur-
face reaction. While many of the in situ operando techniques
have delivered countless valuable information on the sur-
face oxides under close-to-real CO oxidation reaction con-
dition, e.g. the roles of oxide steps, the dynamic modes of
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surface oxides phase, and the morphology of surface oxide, the
understanding of exact roles of surface oxides in the catalytic
reactions are still under debates.6–9

Among the in situ operando reaction studies, Pd surface
has exhibited rich characters under CO reaction condition.
Using AP-XPS and density functional theory (DFT) calculation,
Toyoshima et al. showed that the formation of surface oxides
and the reaction mechanism strongly depended on the ori-
entation of Pd surfaces.10–13 Blomberg et al. investigated the
surface chemical states and the reactivity on Pd(100) under
various reaction condition,9 and reached a similar conclusion
as Toyoshima et al. By combining AP-XPS and first-principles
kinetic Monte Carlo (1p-kMC) calculation, they showed that
the surface oxides formed under an oxygen-rich condition,
e.g. CO/O2 = 0.25, while Pd surface remained in a metallic
state under the CO-rich condition, e.g. CO/O2 = 1.0.9

In the meantime, Gao et al., utilizing the PM-IRRAS,
investigated the CO oxidation reaction on Pd(100) and
Pt(110) surfaces and pointed out the importance of CO mass
transfer limitation (MTL) for the accurate understanding of
surface reaction mechanism.14 In the MTL, the conversion
of reactants is faster than the transport of products away
from the catalyst, which inhibits the reactants to reach the
surface. By running the reaction under the different ratio
of CO/O2, the group demonstrates the effect of the MTL
in both Pd and Pt surfaces and concludes that metallic sur-
face is the catalytically more active surfaces, supporting the
well-known Langmuir-Hinshelwood mechanism on Pd and Pt
surfaces.15

One interesting point of their report is that, from the
analysis of turn-over-frequency (TOF) behaviors on Pd(100),
i.e. surface reaction rate of Pd, the TOF above the reaction
temperature starts to drop under a highly oxidizing condition,
e.g. the CO/O2 ratio = 0.2 and below. (The TOF remains con-
stant at the CO/O2 ratio of 0.5 and above.) On the other hand,
the Pt(110) surface maintains constant TOF at the tempera-
ture of the onset of reaction and above, in all CO/O2 ratio.
That is, under the highly oxidizing condition, the CO2 pro-
duction rate remains constant in the case of Pt(110), but not
in Pd(100). To explain this difference, they pointed out the
possible formation of catalytically non-reactive 3-dimensional
surface oxides on Pd(100) under the oxygen-rich condition at
the reaction temperature. However, from the previous result
of AP-XPS and in situ XRD under the oxygen-rich condition,
the formations of 2-dimensional surface oxides are reported
on both Pd(100)11,16 and Pt(110)17,18 surfaces. Formerly, within
similar interest, Yu et al. investigated the formation of surface
oxides on Pt(110) under various CO/O2 ratio and reported that
the surface oxides changed little while chemisorbed oxygen is
being reduced as CO/O2 ratio increases.19

In this report, we focus our attention on the surface
oxide formation of Pd(100) surface for identifying the differ-
ence or resemblance from that of Pt(110) surface. AP-XPS and
mass spectroscopy (MS) are employed to monitor the reac-
tivity and surface oxides simultaneously. As the temperature
reached reaction temperature under the oxygen-rich condi-
tion, i.e. CO/O2 = 0.1, the clear enhancement of reactivity was
observed with the formation of surface oxides on Pd(100). As

the CO/O2 increases, the surface oxide remains almost the
same, which is similar to the case of Pt(110) CO oxidation.19 At
the onset of CO oxidation reaction, the change of surface work
function takes place as the surface makes a transition from CO
covered surface to oxidic surfaces, which is revealed from the
shift of the binding energy position of the gas phase in contact
with the surfaces. It turns out that the work function of Pd(100)
changes opposite to that of Pt(110) as the surface oxides forms
during CO oxidation reaction.

EXPERIMENTS
Experiments were performed at the AP-XPS endstation

of beamline 13B at Photon-Factory of KEK, Japan, and TEMPO
beamline at Soleil synchrotron, France.10,20 The Pd(100) single
crystal was provided from Princeton Scientific Corp. and clean
surface of Pd was prepared with cycles of high-temperature
annealing (T=1000 K) and Ar+ ion sputtering process. The
well-ordered surface was confirmed by low-energy electron
diffraction (LEED). The O2 and CO gases were introduced
into the high-pressure chamber by adjusting UHV metal leak
valves. A CO trap was used to avoid any Ni contamination
from CO gas cylinder bottle. Pyrolytic boron nitride (PBN) but-
ton heater was used to raise the sample temperature and a
K-type thermocouple was attached to the side of the sam-
ple by spot welding. During the CO oxidation process, the
partial pressure of the reactant and gas products was contin-
uously monitored with MS (HIDEN – HAL201) installed at the
first stage of the differential pumping system, located between
the high-pressure chamber and electron analyzer. XP spectra
of the O 1s, Pd 3d, and C 1s core levels were measured with
photon energies of 650 eV, 450 eV, and 450 eV, respectively.
The total energy resolution of XPS spectra was set to below
0.3 eV. The binding energy positions of entire XP spectra
were calibrated to Fermi level of valence bands spectra. The
measured XP spectra were de-convoluted by using Gaussian
and Doniach-Šunjić line shapes21 after subtracting a Shirley
background.

RESULTS AND DISCUSSION
Figure 1 shows the results of MS and sample temperature

monitored during the CO oxidation reaction. Initially, the CO
and O2 gases were introduced into the high-pressure reac-
tion chamber at 21.8 and 218.2 mTorr, respectively. The ratio
of CO to O2 was 0.1. As temperature (green line) increases,
the CO2 production starts to increase rapidly in region (I).
When the surface temperature reached 525 K, a sharp increase
in CO2 production was observed, which is known as a reac-
tion temperature onset. This reaction temperature matches
with the reaction temperature reported by Gao et al. for
the same reactant ratio of CO/O2 = 0.1.14 Upon reaching
the reaction temperature, no additional heating power was
added, e.g. fixing the input of sample heater power supply.
Yet, the sample temperature continuously increased due to
the exothermic reaction of CO oxidation. As CO2 production
continues on the surface, the surface temperature reached
533 K, in region (II). One thing to note in region (II) is that
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FIG. 1. MS signals as a function of time. The green line refers the temperature
of sample, the gray line is the MS intensity of O2 gas. The red and blue lines are
CO gas and CO2 gas MS intensities, respectively. The MS can be divided into
five regions with the Roman numeral at the top of the figure. The region (I) is the
low-reactivity region under the ratio of 0.1 and lower temperature than the reaction
temperature. The region (II) is high-reactivity region under the ratio of 0.1 and
higher temperature than the reaction temperature. The region (III) and (IV) have
the ratio of CO/O2 = 0.5 and 1.0, respectively. The region (V) corresponds to the
CO/O2 ratio = 1.5, which shows a low-reactivity region.

the production of CO2 remained almost constant, which can
be explained with MTL process occurring in a high pressure
and temperature reaction environment.9,14 In MTL process,
the reaction rate is determined by the diffusion rate of the
minority reactant to the catalysis surface, independent of sur-
face temperature. That is, the CO gas reached the diffusion
limiting value at T = 525 K and was consumed at a con-
stant rate. To find out the contribution of pressure differ-
ence during MTL states, i.e. varying the diffusion rate of CO
gas, the CO gas pressure was increased from 21.8 mTorr to
109.1 then 218.2 mTorr while the O2 gas pressure remained
unchanged, i.e. CO/O2 = 0.5 and 1.0, shown in region (III) and
(IV), respectively. In both regions of (III) and (IV), the surface
temperature arose sharply and reached a stable value. This
increase of surface temperature can be explained by the lack
of the heat transfer between the gas phase and atmosphere,
which occurs during MTL process.22 Also, the CO2 produc-
tion slowly starts to decrease afterward. The amount of CO2
production can be related to that of incoming CO gas to the
chamber during MTL process: the CO2 production increases
when CO pressure is increased slightly during region (IV). To
inverse the MTL process on the surface, i.e. creating CO-rich
reaction condition from the oxygen-rich reaction condition,
CO pressure was increased to 327.3 mTorr, shown in region
(V), i.e. CO/O2 = 1.5. In region (V), the surface temperature
dropped rapidly as the CO2 production decreased sharply as
expected.

Compared to the previous report on Pt(110),19 the result
of Fig. 1 exhibits almost identical trends. As the catalytic reac-
tion occurs, the MTL condition is reached and CO2 production

follows the profile of CO pressure. That is, the CO oxidation
profile on Pd(100) in MS is almost identical to that of Pt(110).
To obtain further quantitative information from MS result, a
turn-over-frequency (TOF), i.e. the CO2 formation rate, is cal-
culated with the result of Fig. 1. The details of TOF calculation
are described in supplementary material.

Figure 2 shows Arrhenius plots of TOFs of Pd(100) during
CO oxidation process at various reactant ratios of CO/O2. The
calculated TOFs at each CO/O2 ratio are shown with filled cir-
cles, e.g. purple, green, blue, gray circles at CO/O2 = 0.1, 0.5,
1.0, and 1.5, respectively. To compare with previously reported
TOFs of CO oxidation on Pd(100) surface under similar condi-
tions, the result of Gao et al.14 are plotted together in Fig. 2.
At CO/O2 = 0.1, the TOFs increases slowly as the temperature
increases. At the onset of the reaction temperature at T = 525
K, a sudden increase of TOFs is clearly observed. The observed
reaction temperature and the degrees of TOFs at CO/O2 =
0.1 show good agreement with the reported value depicted by
the red line. In the literature,S3-S9 there is some variation on
the onset reaction temperature from 450 K ∼ 543 K under the
oxygen-rich condition, CO/O2 = 0.1, which is most likely due
to the experimental geometry of temperature measurement.
In our case, the thermocouple is spot welded on the side of the
sample. The various values of onset temperature are shown in
Table S01, supplementary material.

FIG. 2. Arrhenius plots of TOFs of Pd(100) during CO oxidation process at various
reactants ratios of CO/O2. TOFs is calculated from Fig. 1, which corresponds to
solid dots. The solid lines with empty circles are reprinted TOF data of Gao et al.
with permission from J. Phys. Chem. C 113, 174 (2009). Copyright 2008 American
Chemical Society. Each color represents the difference ratio of CO/O2. In the Gao
et al. experiment, O2 gas pressure was fixed at 8 Torr. The arrow indicates the
track of changed TOFs due to a sudden decrease in reactivity when the CO-rich
condition is formed, together with the temperature decrease.
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As the CO/O2 ratio is increased further to 0.5, 1.0, both
TOFs and surface temperature continuously increase. Yet, the
increasing slope of TOFs is different from the one of CO/O2=
0.1, indicating that CO diffusion rate increased. When CO/O2
ratio becomes 1.5, the TOFs are reduced significantly as CO
starts to replace the oxygen adsorption site. As the CO oxida-
tion reaction is monitored with MS, the chemical properties of
surface elements were obtained with AP-XPS simultaneously
as shown in Fig. 3. The measured spectra were de-convoluted
to identify the details of surface chemical states at differ-
ent CO/O2 ratios. O 1s spectra were measured at the pho-
ton energy of 650 eV while the Pd 3d and C 1s spectra were
measured at 450 eV. At these photon energies, the surface
sensitivity of XPS measurement is enhanced due to the short
inelastic mean free path of photoelectron at a kinetic energy
of ∼ 120 eV. Regions (I ∼V) in Fig. 3 correspond to the reaction
regions shown in Fig. 1.

For region (I), below the reaction temperature under the
CO/O2 ratio of 0.1, gas phases peaks of both O 1s of CO and O2
were observed, i.e. 536.5 eV for CO gas and 537.3 and 538.4eV
for the doublet of O2 gas phase, shown in Fig. 3(a) (I). The peak
at 531.6 eV corresponds to the CO chemisorption component
while the peak at 532.2eV is associated to the Pd 3p3/2 bulk
component. The de-convolution of Pd 3d spectrum in region
(I) shows three components, one attributed to the Pd bulk ele-
ment at 335.0 eV, and the other two to CO surface chemisorp-
tion states at 335.6 and 336.0 eV which are due to different the
number of Pd to CO bonds, as known as p(3

√
2 x
√

2)R45◦.23 The
CO molecules on the Pd surface can also be identified by C 1s

spectrum at 286 eV, coming from the chemisorption of CO on
bridge site. As the CO adsorbed only on the bridge site, a single
peak of CO binding energy is expected.

The adsorbed CO molecules on the Pd surface is replaced
by adsorbed oxygen as soon as the CO oxidation reaction
takes place, as indicated in XP spectra of region (II). The CO-
associated components completely disappear from the O 1s,
Pd 3d, and C 1s spectra, suggesting the surface makes a tran-
sition from CO-covered surface state to an oxygen-covered
surface at the onset of CO oxidation reaction. In O 1s spec-
trum, at the onset of CO oxidation, CO2 gas phase peak (535.3
eV) starts to emerge with the shift of O2 gas phase component
to higher binding energy. The shift of O2 gas phase peak, pre-
viously witnessed during the similar CO oxidation on Pt(110)
experiment with AP-XPS,19 is understood as the consequence
of surface work function change during the reaction.5,24 The
relation of gas phase peak position and surface work func-
tion will be discussed later in detail. In O 1s at region (II),
two components appear at the binding energies at 529.2 eV
and 530.3 eV, which corresponds to the surface oxide com-
ponents. As mentioned earlier, the surface oxides are formed
under oxygen-rich environment on Pd(100) during CO oxida-
tion reaction. The surface oxide is also identified in the Pd 3d
spectra at 335.5 and 336.3 eV. Several groups have already
reported the formation of surface oxides on Pd(100) during
CO oxidation with in-situ XRD,4 in situ STM,7 and AP-XPS.11
Toyoshima et al. identified the origin of the surface oxides with
DFT calculation and explained the Pd oxide peaks as 2-fold (O
1s at 528.8 eV, Pd 3d at 335.4 eV) and 4-fold oxides (O 1s at

FIG. 3. AP-XP spectra of the (a) O 1s, (b)
Pd 3d5/2, (c) C 1s photoemission spectra
at each region of Fig. 1 (Regions I to V).
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529.6 eV, Pd 3d at 336.2 eV) on a (
√

5 x
√

5)R27◦ surface oxide.11
The binding energies of surface oxides in O 1s and Pd 3d in
Fig. 3 are in good agreement with previously reported values
of surface oxide formed on Pd(100) during CO oxidation.9,11

In region (III) and (IV), under the higher ratio of CO/O2,
e.g. 0.5 and 1.0, the intensity of CO2 gas phase component
starts to increase while that of O2 gas phase peak reduces,
consistent with the result of MS results in Fig. 1. However,
no significant changes are found in all other components
in O 1s and Pd 3d, and C 1s spectra, including the relative
ratio between the 2-fold and 4-fold oxides features. The ratio
between the 2-fold and 4-fold oxides to the bulk Pd peak
changes only by 10 % while the reactants ratio is increased by
10 times. Previously, the surface oxides formed during CO oxi-
dation experiment on Pt(110) surface also showed the similar
behavior as Fig. 3 under the comparable condition of CO/O2
ratio.19

As CO/O2 ratio is further changed to 1.5, the CO gas com-
ponent starts to appear again as CO2 gas phase component
reduces in region (V) of Fig. 3, indicating a) the presence of CO
molecules near the surface, and b) the drop of CO2 produc-
tion under a CO-rich environment. As shown in Fig. 1, the CO2
intensity in the MS profile significantly declines as tempera-
ture drops in the region (V). Interestingly, O 1s and Pd 3d show
the presence of chemisorbed oxygen at 529.8 eV and 335.5
eV under CO-rich condition. Considering that C 1s spectrum
clearly shows the presence of CO on the surface, the spec-
tra of region (V) indicates that both CO and O coexist on the
surface. Based on the previous report of the oscillatory behav-
ior of surface oxide during CO oxidation on Pd surface, it is
expected that the surface oxide should be removed immedi-
ately, recovering metallic surface, upon the end of CO oxida-
tion.6 We estimate that the existence of chemisorbed oxygen
in region (V) can be understood as the feature of intermediate
stage between oxygen-rich condition to a CO-rich condition
under CO/O2 = 1.5 at elevated temperature. At this interme-
diate stage, the surface makes the transition from rough oxide
to a rough metal surface as CO oxidation process ends,6 i.e.
a surface similar to a polycrystalline surface, and the oxy-
gen species make chemisorption bonding similar to the one
of the polycrystalline surface rather than those of on-top
and bridge-site in Pd ordered surface. The binding energy of
oxygen adsorption in region (V) is similar to that of oxygen
chemisorption on Pd polycrystalline surface.25

In order to compare reaction properties of Pd and Pt sur-
face oxides, the spectra of oxygen gas phase are analyzed at
CO/O2 = 0.1 for Pd(100) and CO/O2 = 0.2 for Pt(110) surface.
As mentioned previously, the binding energy position of the
gas phase is closely related to the surface work function.24
At the initiation of CO oxidation reaction, the surface oxide
is formed immediately, which changes the surface state from
CO covered metallic to oxidic. Consequently, the strength of
the surface dipole moment, i.e. surface work function, also
changes. During AP-XPS measurement, the gas molecules near
the surface experience the change of the surface work func-
tion during the CO oxidation reaction, resulting in core-level
shift of gas phase component.24 In Fig. 4, the intensity maps

of the O 1s spectra on Pd(100) and Pt(110) surfaces, measured
during the onset of CO oxidation reaction, are plotted side by
side with increasing the surface temperature and TOFs. Fig. 4
shows O 1s oxygen gas phase in the range of 535 ∼ 540 eV bind-
ing energy and the region (I) and (II) marked on the left-hand
side are identical to the regions of Fig. 1. The white circles rep-
resent the binding energy position of each spectrum fitted to
a Gaussian function. The reaction temperatures on the sur-
face were 525 K and 553 K, which was not significant to make
changes in the work function.26

In Fig. 4(a), the shift of O2 gas phase on the Pd(100) sur-
face is shown. In region (I), the gas phase peak of oxygen,
O 1s, is located at 537.13 and 538.23 eV before the reaction.
The splitting of O 1s is due to the diamagnetic properties of
atomic oxygen. As the surface temperature is increased to the
reaction temperature of 525 K, the gas phase of oxygen shifts
of 0.28 eV toward higher binding energy side, i.e. 537.41 and
538.51 eV. This change is observed not only under the ratio of
CO/O2 = 0.1 but also under the ratio of CO/O2 = 1.0.9 That is,
under the ratio of CO/O2 = 1.0, the gas phase of oxygen shift
is also toward higher binding energy direction. As discussed in
detail from the work of Axnanda et al.,22 the binding energy
measured from the Fermi level increases with the decrease
of surface work function as the gas phase ionization energy
(measured from the vacuum level) is constant. From the result
of Fig. 3 and 4, we learned that the work function on Pd(100)
is reduced with the formation of surface oxide at the onset of
CO oxidation.

Interestingly, an identical CO oxidation experiment on
Pt(110) surface shows opposite behavior to that of Pd(100). The
previous operando study of CO oxidation on Pt(110) using AP-
XPS has been re-plotted19 and the gas phase region of O 1s
is shown in Fig. 4(b). To help the comparison, O 1s spectra of
before and after reaction regions are plotted in Fig. 4(c) and
(d) for Pd(100) and Pt(110) surfaces. The CO oxidation reaction
on Pt(110) is carried out with the CO pressure of 40 mTorr and
O2 pressure of 200 mTorr, i.e. oxygen-rich condition with the
reactants ratio of CO/O2 = 0.2. The gas phase of O2 is seen at
537.86 and 538.96 eV before the reaction. Then, at the onset of
CO oxidation, the position of O2 gas phase shifts to the lower
binding energy side by 0.46 eV, i.e. 537.40 eV and 538.50 eV,
indicating an increase of the surface work function. It is to
note that, as the onset of CO oxidation, the surface of Pt(110)
is covered with oxygen species which consists with surface
oxide and chemisorbed oxygen.19

As mentioned in the work of Axnanda et al.,22 as oxygen
gas can directly participate in CO oxidation reaction and pos-
sibly cause structural changes during CO reaction, a simple
comparison of the work function between Pd(100) and Pt(110)
may not straightforward. In order to identify the exact value of
work function, it is ideal to use non-interacting gas molecules,
e.g. Ar, as probing element.24 However, from the result of
Fig. 4, we can deduce a qualitative information that the surface
work function of Pd(100) decreases as the surface transforms
from CO covered surface to oxidic surfaces. In the case of
Pt(110), the result is the opposite, i.e. the work function of the
oxidic surface is higher than CO-covered surface.
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FIG. 4. Sequence plots of O 1s pho-
toemission spectra measured during CO
oxidation reaction. Left y-axis shows
the sample temperature and right y-axis
does TOFs calculated from MS. (a) the
trace of oxygen gas phase for Pd(100)
under the ratio CO/O2 = 0.1. (b) Pt(110)
under the ratio CO/O2 = 0.2 19. (c) AP-
XP spectrum of O 1s exhibits the sur-
face chemical states of regions (I) and
(II) for Pd(100). (d) Pt(110) of regions
(I) and (II). Reprinted with permission
from Yu et al., J. Phys.: Condens. Matter
29, 464001 (2017). Copyright 2017 IOP
Publishing.

From the previous theoretical calculation and experimen-
tal results, shown in Table I.15,27–34 The variation of work func-
tion in Fig. 4 agrees well qualitatively with previous findings
for Pt(110) surface. In the case of Pt(110), the surface work
function increases by 0.6 eV as the surface switches from CO
covered to oxidic surfaces.27 However, in the case of Pd(100),
the experimental or theoretical value of work function of (

√
5

x
√

5)R27◦ Pd(100) surface oxide is not reported yet. Instead,
Rogal et al. reported the calculated work function values of

PdO surface, e.g. PdO(100)-PdO terminated surfaces.33 Using
their result, the work function of Pd(100) reduces by 0.14
eV as the surface converts from CO covered to PdO(100)-
PdO surfaces.33 As the work function values in Table I are
either carried out under UHV condition or calculated, it can-
not be directly compared to our results. Yet, the direction
of work function change agrees qualitatively with previous
findings. In order to obtain the more precise value of work
functions on both surfaces under real reaction environments,
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TABLE I. Comparison of reported work functions for Pd(100) and Pt(110). All values in eV.

Work Function and its relative shifts upon CO or O adsorption

Pt-group Clean Surface CO Adsorbed Oxygen-species

Pd(100) 5.65, 5.8, 5.9a + 0.7, + 0.75b N/A [6.45]c,d

Pt(110) 5.35e + 0.1, + 0.15f + 0.8g

aRef. 28–30.
bRef. 29, 31, and 32.
cThe work function of the (

√
5x
√

5)R27◦ structure is not reported in the previous literatures. The value
corresponds to PdO(100)-PdO.
dRef. 33.
eRef. 30, and 34.
fRef. 15, 27, and 31.
gThe work function corresponds to the oxygen covered surface. Ref. 27.

as mentioned above, the AP-XPS measurement with a non-
interacting gas can be utilized. Previously, using photoemis-
sion electron microscope, Ertl et al.,15 observed the oscilla-
tory kinetics of surface work function during similar in situ
reaction condition and argued that the correlation between
reactivity and the work function on surface oxides is differ-
ent between Pd and Pt surfaces, supporting the result of our
observation. One important aspect of the result of Fig. 4 is
that work function can be monitored by using AP-XPS as the
surface reaction occurs.

Lastly, we would like to explain the different properties
between Pd(100) and Pt(110) surface oxides under oxygen-
rich environment of CO oxidation, observed with PM-IRRAS
experiment by Gao et al.14 From the AP-XPS measurement,
no adsorbed CO is observed as the surface oxides forms on
Pd(100) surface during the reactants ratio of CO/O2 = 0.1. On
the other hand, PM-IRRAS showed the presence of CO under
similar reaction condition. Considering both techniques pro-
vide highly surface sensitive information, we estimated that
the difference of working pressure range between PM-IRRAS
(∼ Torr) and AP-XPS (∼ mTorr) measurements could generate
different surface morphology that results in different behav-
ior of CO adsorption. As Gao et al. suggested, it is certainly
possible that 3-dimension surface oxides can be formed under
oxygen-rich condition, which can promote the CO adsorption
during CO oxidation condition.

CONCLUSION
AP-XPS and MS are employed to investigate the chem-

ical properties of Pd(100) surface during the CO oxidation
reaction. As the temperature of surface reaches 525 K under
reactant ratio of CO/O2 = 0.1, the catalytic reaction occurs
with formation of surface oxides. In order to find out the
contribution of CO pressure during MTL states, the ratio of
CO/O2 is increased from 0.1 to 0.5, and 1.0. The TOF increases
together with the CO pressure, and little change is observed
on the surface oxides in different reactants ratio. When the
CO/O2 is increased up to 1.5, i.e. CO-rich condition, the CO
diffusion rate overcomes the MTL process and the surface
oxide disappears, simultaneously. From the shift of oxygen gas
phase spectra, the decrease of the surface work function is

observed as Pd(100) surface makes a transition from CO cov-
ered surface to oxidic surface at the onset of CO oxidation
reaction.

SUPPLEMENTARY MATERIAL
See supplementary material for “Calculation of TOF”,

“Reaction temperature from literatures”, and “O1s state, con-
tour plot”.
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