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ABSTRACT From an interplay between scanning tunneling microscopy, temperature programmed

desorption, X-ray photoelectron spectroscopy, and density functional theory calculations we have studied low-

temperature (0 oxidation on Au/Ni(111) surface alloys and on Ni(111). We show that an oxide is formed on hoth
the Ni(111) and the Au/Ni(111) surfaces when oxygen is dosed at 100 K, and that CO can be oxidized at 100 K on
both of these surfaces in the presence of weakly bound oxygen. We suggest that low-temperature €O oxidation can

be rationalized by CO oxidation on 0,-saturated NiO(111) surfaces, and show that the main effect of Au in the Au/

Ni(111) surface alloy is to block the formation of carbonate and thereby increase the low-temperature €0,

production.
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ven though Au and Ni are bulk im-
E miscible it has been shown that it is

possible to form a surface alloy with
Au atoms substituted into the surface layer
on any of the low-index Ni surfaces.'? These
AuNi surface alloys have shown interesting
catalytic properties for the steam reforming
reaction (CH, + H,O — 3 H, + CO)," where
Au is shown to inhibit carbon deposition
and subsequent coke formation.” Au/Ni has
also been reported by Lahr and Ceyer* to
catalyze low-temperature (100 K) CO oxida-
tion. Interestingly, through a combination
of high-resolution electron energy loss
spectroscopy (HREELS) and mass spectros-
copy these authors showed that molecu-
larly adsorbed oxygen is stabilized on the
Au/Ni(111) surface alloy at 77 K, and that
this molecular oxygen is very reactive for
the CO oxidation reaction at low tempera-
ture. At higher temperature (105—125 K),
Lahr and Ceyer showed furthermore that
the CO, production rate coincides with the
O, dissociation, whereas above 125 K CO
and O bound to Au react directly, resulting
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in CO, formation. However, no further ex-
perimental studies have explored low-
temperature CO oxidation on the Au/
Ni(111) system.

Here we have studied low-temperature
CO oxidation on Ni(111), nickel oxide and
the Au/Ni(111) surface alloy using a combi-
nation of scanning tunneling microscopy
(STM), X-ray photoelectron spectroscopy
(XPS), temperature programmed desorp-
tion (TPD), and density functional theory
(DFT) calculations. We find that the chemi-
sorbed CO and O on Ni(111) and on Au/
Ni(111) do not react to form CO, at temper-
atures between 100 K and room
temperature. Very interestingly, we find
that both Ni(111) and Au/Ni(111) oxidize
when O, is adsorbed at low temperatures
close to 100 K and that loosely bound oxy-
gen on the oxidized Ni(111) and Au/Ni(111)
surfaces reacts with CO leading to the for-
mation of CO,. Our experiments reveal that
CO oxidation on the oxidized Au/Ni(111)
surface is qualitatively similar to that taking
place on oxidized Ni(111), the primary dif-
ference being the inhibition of carbonate
formation with increasing Au concentra-
tion, thus increasing the quantity of CO,
produced at low temperature.

RESULTS AND DISCUSSION

Oxidation of Ni(111). In Figure 1 we com-
pare the room-temperature (RT) oxidation
of Ni(111) (left column) with the oxidation
at ~100 K (right column). After an exposure
of 40 L of O, at RT, islands are observed
mainly at the step edges (Figure 1B), while
the rest of the surface is covered by a well-
ordered p(\/3 X 1/3)R30°-O structure (Fig-
ure 1A). The inset in Figure 1B shows a high-
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resolution STM image of one of the small islands
observed near the step edge with a superimposed grid
with a lattice distance of 2.95 A, which corresponds to
that of NiO(111). Upon increased oxygen exposure both
the coverage of the islands and their mean apparent
height increase as revealed from Figure 1B—D.

The kinetics of the RT oxidation of Ni(111) can be de-
scribed as a three-stage model as discussed in the litera-
ture.® At low exposures (0—10 L) a p(2 X 2) structure
(/4 ML) starts to grow followed by a p(\/3 X \/3) struc-
ture (/3 ML), both of which are ordered O atom struc-
tures. Higher exposures lead to fast nucleation of NiO is-
lands (10—40 L) followed by a slow thickening of the
oxide (>40 L). The islands observed on Figure 1B,C are
assigned to NiO, and our STM results are consistent with
this three-stage model. The observed growth mode of
the nickel oxide at RT with preferential oxidation at the
step edges is, however, slightly different from the homo-
geneous NiO(111) clusters Kitakatsu et al. observed by
STM after exposure to 25 L of O, at 300 K.°

The oxide structures formed after O, exposure at
100 K are very similar to the structures formed after RT
exposure as revealed from Figure 1E,G,H. After 10 L of
oxygen exposure at 100 K we observe small domains of
the p(\/3 X 4/3)R30° structure (Figure 1E). In the
boundary regions between the small domains we ob-
serve closely spaced protrusions suggesting that the
coverage of oxygen in these regions is higher than that
in the perfect p(\/3 X /3)R30° structure (1/3 ML). A
tentative ball model of the low temperature oxygen
structure is depicted in Figure 1F.

Higher oxygen exposures at 100 K lead to the
growth of islands at both the upper and lower step
edges. STM images of the islands recorded after an oxy-
gen exposure of 20 and 40 L O,, respectively, are de-
picted in Figure 1G,H. The height of the islands formed
at 100 K is identical to the small islands observed after
40 L of oxygen exposure at RT assigned to NiO. Further-
more, the islands observed after low-temperature oxy-
gen exposure look very similar to the NiO islands ob-
served after RT exposure, and we thus suggest that NiO
islands are formed when the Ni(111) surface is ex-
posed to oxygen at low temperature (100 K). Upon an
increase in the oxygen exposure, the coverage of the is-
lands increases, but as Figure 11 demonstrates their ap-
parent height is unchanged, which suggests that the
formation of thicker NiO islands is kinetically limited at
100 K.

Further evidence of the formation of an oxidized
Ni(111) surface at low temperature comes from the O,
TPD spectra depicted in Figure 2A, which were acquired
after O, was dosed at 100 K. A low-temperature desorp-
tion peak with a TPD maximum at 120 K is observed to
increase with increasing low-temperature oxygen expo-
sure. No CO or CO, were observed in these TPD spec-
tra. The O, desorption is only observed after extensive
O, exposures, which agrees very well with the fact that
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Figure 1. (A,B) STM images (70 x 70 A% and 1000 x 570 A?) of
Ni(111) exposed to 40 L of O, at room temperature. The small in-
set in panel B shows a higher resolution image of the NiO islands
at the step edges. (C) STM image (1.15 nA, 743 mV, 1596 x 1486 A?)
of Ni(111) exposed to 80 L of O, at room temperature. (D) Line
scan along the blue arrow in panel B and the dotted line in panel
C. (E) STM image (2.10 nA, 2.75 mV, 70 X 70 A2) of Ni(111) exposed
to 10 L of O, at 120 K. (F) Ball model of the structure observed in
panel E. The gray circles are Ni substrate atoms, and the red circles
are adsorbed oxygen atoms. The blue circles correspond to the
oxygen atoms marked in panel E. (G) STM image (2.2 nA, 139 mV,
800 X 740 A?) of Ni(111) exposed to 20 L of O, at 100 K. (H) STM
image (1000 x 720 A?) of Ni(111) exposed to 40 L of O, at 90 K. (I)
Line scan along the blue arrow in panel G and the dotted line in
panel H.

two very different structures are observed by STM de-
pending on the oxygen exposure. From the STM and
TPD results we thus suggest that the O, desorption
peak observed after extensive oxygen exposure should
be assigned to O, desorbing from the NiO areas. In
fact, our DFT calculations indicate that the first '/, ML
of O, adsorbs on NiO(111) with a binding energy of
—0.74 eV, whereas the differential binding energy of
the second and third '/, ML of O, on the same surface
is —0.4 and —0.36 eV, respectively. The higher the O,
exposures in the experiments, the more likely to probe
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Figure 2. (A) O, TPD spectra of Ni(111) surfaces exposed to
varying amounts of O, at 100 K. The heating rate was 1 K/s
in all experiments. (B) O 1s spectra of Ni(111) surfaces after
exposure of 0.4, 4.6, and 760 L of O, at 100 K. The bottom
spectrum was obtained after dosing 1.7 L of oxygen onto a
clean Ni(111) surface at room temperature, which leads to an
almost perfect p(2 X 2) structure as evidenced by the sharp
2 X 2 low energy electron diffraction spots.

the latter two O, adsorbed states, leading to the low-
temperature desorption peaks. A similar desorption
peak with the TPD maximum at 95 K has previously
been observed on Ni(100) by Kim et al.” after extensive
oxygen exposure at 80 K. From an interplay of XPS, TPD,
and near edge X-ray absorption fine structure (NEXAFS),
these authors assigned this feature to molecular oxy-
gen.” The small temperature difference of the TPD
maximum reported by Kim et al. and the results re-
ported in Figure 2A are most likely related to different
O, adsorption temperatures and differences between
Ni(100) and Ni(111) surfaces.

Figure 2B shows the O 1s XPS spectra for Ni(111) sur-
faces exposed to different amounts of oxygen at 100
K. For reference the O 1s spectrum of a p(2 X 2) struc-
ture grown at RT with an ideal coverage of 0.25 ML is
shown at the bottom. We find that oxygen in the p(2 X
2) structure has a binding energy of 529.3 eV in agree-
ment with previous studies,® even though higher bind-
ing energies have also been reported.>® After dosing
0.4 L of oxygen at 100 K, we observe a single oxygen
peak with the same binding energy as for the p(2 X 2)
structure grown at RT. Consistent with our STM experi-
ments, we thus conclude that the initial oxygen expo-
sure at 100 K leads to a chemisorbed structure of atomic
oxygen located in 3-fold hollow sites on the Ni(111) sur-
face. After an exposure of 4.6 L of oxygen at 100 K the
main oxygen peak shifts 0.14 eV toward lower binding
energy, and subsequent oxygen exposure (760 L) at 100
K leads to a further downward shift of the main peak
to a binding energy of 529.0 eV. The reduction of the
binding energy of the main XPS peak is consistent with
the formation of nickel oxide (0?7). In addition to the
shift of the main peak a shoulder is observed at 530.7 eV
at higher oxygen exposures. This shoulder, located 1.7
eV above the binding energy of nickel oxide (529.0 eV),
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is always observed on Ni(111) after large oxygen expo-
sures and has previously been assigned to hydroxyl spe-
cies formed from H, and H,0 in the residual gas.>®'°%"
The high binding energy peak located at 533.7 eV (4.7
eV above the peak assigned to 0%) could either be as-
signed to molecular oxygen” and/or CO, adsorbed from
the residual gas, as we observe a peak with the same
binding energy after dosing CO, onto the Ni(111) sur-
faces predosed with oxygen. Given the fact that we ob-
serve O, desorption in the TPD experiments after exten-
sive oxygen exposure, we assign the feature at 533.7
eV mainly to molecular oxygen.

From the known coverage (0.25 ML) of the p(2 X 2)
structure it is possible to calculate the oxygen cover-
age corresponding to the different oxygen peaks de-
picted in Figure 2B. The total coverage of oxygen (NiOy
+ OH) after an exposure of 760 L is 1.09 ML, which is
close to the coverage of ~1.5 ML for NiO(111) and sig-
nificantly higher than the coverage for chemisorbed
oxygen structure.

Co-adsorption of CO and 0 on Ni(111). Prior to the coad-
sorption experiments of CO and O, two different refer-
ence structures of adsorbed CO on Ni(111) were charac-
terized with XPS: A c(4 X 2)-CO structure with CO
adsorbed in 3-fold hollow sites (fcc/hep), and a (\/7 X
1/7)R19°-CO structure with CO adsorbed in both on-top
and bridge sites, corresponding to coverages of 0.5
and 0.57 ML, respectively. The c(4 X 2) structure was
prepared by adsorption of 10 L of CO at RT, whereas the
(V7 X \/7)R19° structure was prepared by adsorption
of 100 L of CO at 220 K.° From XPS measurements the C
1s binding energy of CO adsorbed in Ni(111) hollow
(fcc/hep), bridge, and on-top sites were determined to
be 285.15, 285.25, and 285.91 eV, respectively, in excel-
lent agreement with a previous study by Held et al.’
The small chemical shift of 0.1 eV between CO adsorbed
in hollow and bridge sites makes it difficult to unam-
biguously distinguish between these two adsorption
sites, and we will therefore use the term bridge/hollow
in the subsequent discussion of our XPS data.

Figure 3A shows selected C 1s spectra obtained on
Ni(111) samples exposed to oxygen followed by expo-
sure to CO. Spectrum | is recorded immediately after an
initial exposure of 2 L of O, at ~90 K and subsequent
coadsorption of 5 L of CO at ~90 K. Two peaks are ob-
served corresponding to CO adsorbed in bridge/hollow
sites and on-top sites, respectively, which is in excel-
lent agreement with a previous XPS study of coadsorp-
tion of oxygen and CO.? Spectrum Il in Figure 3A was re-
corded after flashing the CO and oxygen exposed
Ni(111) sample to 273 K. A comparison of spectrum |
and Il clearly shows that the peak located at 285.4 eV,
assigned to CO adsorbed in bridge/hollow sites, disap-
pears after flashing.

Spectrum lll in Figure 3A shows the C 1s region for
a Ni(111) sample predosed with 600 L of oxygen at
~90 K and subsequently coadsorbed with 5 L of CO at
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Figure 3. (A) I and lll: C 1s XPS spectra obtained after 5 L of
CO has been dosed onto Ni(111) predosed with with 2 L of O,
(spectrum 1) or 600 L of O, (spectrum lll). The sample is kept
at 90 K during both the gas dosing and the measurement.

Il and IV: C 1s spectra obtained after flashing preparation |
and lll, respectively, to 273 K. (B—D) CO,, O,, and CO TPD
spectra obtained simultaneously on three different sample
preparations: (i) 600 L of O, followed by 5 L of CO dosed at
100 K; (ii) 600 L of O, followed by 5 L of CO, dosed at 100 K;
(iii) 600 L of O, dosed at 100 K and flashed to 150 K, fol-
lowed by cooling to 100 K and subsequently dosed with 5L
of CO.

~90 K. This spectrum is clearly different from the spec-
trum of CO adsorbed on the low-coverage O/Ni(111)
surface (spectrum ), and no peaks compatible with CO
molecules adsorbed in hollow, bridge, or on-top sites
are observed, and neither are any sharp C 1s peaks ob-
served. The absence of chemisorbed CO features in the
XPS spectrum is unexpected on a chemisorbed oxy-
gen structure,”'? and the XPS experiments thus sup-
port the formation of a nickel surface oxide at low tem-
perature, in agreement with the low-temperature STM
measurements and TPD spectra presented above. Upon
flashing this sample to 273 K, a sharp peak develops
with a C1s binding energy of 289.1 eV. A similar car-
bon peak with a C 1s binding energy of 289 eV has pre-
viously been assigned to carbonate (COs2~) on a Ni(100)
surface exposed to 0,/CO, mixtures.'® The peak at
289.1 eV is, therefore, assigned to carbonate formed
from the carbon species, which gives rise to the broad
peaks in spectrum lll. The observation of carbonate
(COs%) on the surface after direct flashing proves that
the NiO phase is able to react with adsorbed CO.

In summary, the oxygen coverage found in the XPS
experiments, the different adsorption behavior of CO
on O/Ni(111) with high and low coverage of oxygen, the
low-temperature STM experiments, and the O, desorp-
tion peak observed on O/Ni(111) samples with a high
oxygen coverage all suggest that NiO is formed when
Ni(111) is saturated with oxygen at temperatures
around ~100 K. Previous HREELS and Auger electron
spectroscopy (AES) experiments have shown that elec-
trons from 5 to 2 keV can stimulate oxidation at 120 K
on Ni(111)."* The XPS spectra described above were,
however, recorded directly after one single oxygen ex-
posure, and the photoelectrons cannot therefore in-
crease the overall oxygen coverage.

www.acsnano.org

Figure 3B—D shows the CO,, O,, and CO TPD desorp-
tion spectra recorded after three different sample
preparations. Sample i was prepared by dosing 600 L
of O, at 100 K followed by 5 L of CO at the same tem-
perature. Two desorption peaks located at ~120 and
~420 K are clearly visible in the CO, desorption spec-
trum of this surface. The broad desorption peak at 420
Kis assigned to the decomposition of carbonate both in
agreement with the XPS result described above and
TPD studies from the literature.">'> The low-
temperature CO, desorption peak in spectrum i is as-
signed to direct desorption of CO,. This assignment is
supported by the CO, desorption spectrum shown in
spectrum ii, which is obtained after direct CO, dosing at
100 K onto Ni(111) saturated with 600 L of oxygen at
100 K. A large low-temperature CO, desorption feature
is clearly visible in this spectrum, and this feature is thus
assigned to adsorbed CO, on the NiO surface. A com-
parison of the CO, and O, desorption peaks depicted in
Figure 3B,C clearly demonstrates that the low-
temperature CO, desorption peak is only observed
when O, desorbs simultaneously. Spectrum iii is re-
corded on a Ni(111) sample prepared by carrying out
quick flash to 150 K between the O, and CO dosing such
that weakly bound oxygen desorbs before CO is dosed.
CO, desorption from carbonate decomposition is again
observed at 420 K in this spectrum, but no CO, is ob-
served to desorb at low temperature when weakly
bound oxygen is absent. Without weakly bound oxy-
gen, adsorbed CO desorbs directly at 120 K rather than
being oxidized to CO,. This conclusion is supported by
the CO desorption spectra shown in Figure 3D, which
show an increased intensity of the low-temperature CO
TPD peak of spectrum iii. A very similar low-
temperature TPD CO peak was observed by Guo et al.,
when CO is adsorbed on a nickel oxide grown on a
Ni(111) surface, and this CO peak was therefore as-
signed to CO desorbing from a nickel oxide.'®

If the order of the CO and O, dosing is reversed so
that 5 L of CO is dosed first followed by 600 L of oxy-
gen at 100 K, no O, or CO, desorption is observed. Only
CO is observed to desorb, and the spectrum is similar
to the spectrum of a CO saturated Ni(111) surface. Thus,
no reactivity at all is observed on the CO covered
Ni(111) surface. This conclusion is furthermore verified
by XPS experiments, which show no change in the O 1s
or C 1s spectra when the CO covered Ni(111) is ex-
posed to O, at 90 K.

In summary, the TPD experiments show that CO
molecules react with a Ni(111) surface oxidized at 100
K. If weakly bound oxygen is present on the surface, a
fraction of the CO molecules are oxidized to CO, des-
orbing at ~120 K, and another fraction of CO molecules
form carbonate, which leads to CO, desorption at ~420
K. If, on the other hand, weakly bound oxygen is ab-
sent on the surface, no low-temperature CO, desorp-
tion is observed, but CO, desorption is observed at the
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Figure 4. (A) STM image (400 X 400 A?) of the Au/Ni(111)
surface alloy with 3% Au atoms in the surface layer. The
small inset (120 X 120 A?) shows the Au atoms in the sur-
face layer as dark depressions. (B) The Au/Ni(111) surface al-
loy from panel A after exposure to O, at 100 K for 100 s. (C)
O 1s spectra taken after an exposure of 50 L of oxygen at 90
K to samples with different Au coverages. The Au cover-
ages are given in the figure.

temperature where carbonate is known to decom-
pose. The CO precovered Ni(111) surface is not reac-
tive toward CO, formation; apparently, preadsorbed CO
molecules completely block oxygen adsorption.
Oxidation of Au/Ni(111) Surface Alloy. By evaporating Au
onto a Ni(111) surface, it has been previously shown
that it is possible to form a Au/Ni(111) surface alloy,
where the topmost surface Ni atoms are partly substi-
tuted with single Au atoms.'? Here, we have studied
the effect of Au concentration in the Au/Ni(111) sur-
face alloy on the low-temperature CO oxidation.
Figure 4A shows STM images of a Au/Ni(111) sur-
face alloy with approximately 3% of Au atoms substi-
tuted into the topmost surface layer of Ni(111). In
atomically resolved images Au atoms appear as dark
depressions as shown in the inset in Figure 4A, and the
Au coverage in the surface layer can thus easily be de-
termined by simply counting the Au atoms. The STM
images, in general, reflect a detailed convolution of
electronic and geometric structures, that is, the local
density of states at the Fermi level, and that is why Au
appears as depressions in the high-resolution images.
Figure 4B depicts the Au/Ni(111) surface alloy in Figure
4A after exposure of 10 L of O, at 100 K. Small islands
are observed all over the surface. These islands are simi-
lar to the NiO islands observed on the oxygen exposed
Ni(111) surfaces shown in Figure 1 G,H, and we there-
fore conclude that NiO is also formed on the 3% Au/
Ni(111) surface alloy. A comparison between Figure
1G,H and Figure 4B reveals, however, that NiO islands
are formed preferentially along the step edges on the
clean Ni(111) surface in contrast to the 3% Au/Ni(111)
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surface alloy where NiO islands form both on the ter-
races and along the step edges. Au atoms alloyed into
the Ni(111) surface thus seem to facilitate NiO formation
on the terraces at low temperature.

Figure 4C shows XPS spectra of the O 1s region for
the Au/Ni(111) surface alloys with an increasing Au cov-
erage after exposure of 50 L of oxygen at 90 K. In these
experiments the surface was exposed to oxygen by
means of a doser, and we estimate that the local pres-
sure and hence the effective exposure is approximately
10 times higher than the 50 L estimated from the back-
ground pressure. Similar to the case for the oxygen ex-
posed Ni(111) surface, we observe two XPS peaks with
binding energies of 529.1 eV (NiO,) and 530.7 eV (OH),
respectively. The Au coverage does not have any de-
tectable effect on the position of these two oxygen XPS
peaks up to a Au-coverage of 0.3 ML. Both peaks shift,
however, 0.3—0.4 eV toward lower binding energies for
the 0.5 ML Au/Ni(111) surface alloy. The small XPS peak
observed at 533.7 eV and assigned to molecular oxy-
gen on clean Ni(111) is not detectable in the spectra
from Au/Ni(111) surfaces exposed to oxygen (Figure
4Q), but we cannot exclude the existence of molecular
oxygen on oxidized Au/Ni(111) surfaces. In contrast to
the binding energies, the oxygen coverage is clearly af-
fected by the Au coverage as seen from Figure 4C. The
saturation coverages of oxygen on the 10% and 30%
Au/Ni(111) surface alloys are 0.81 and 0.76 ML, respec-
tively. This high oxygen coverage is incompatible with a
chemisorbed oxygen structure and instead suggests a
structure with patches of NiO coexisting with either
single Au atoms and/or small Au clusters. This conclu-
sion agrees well with the fact that the binding energies
of both O 1s peaks are identical to the energies for the
oxidized Ni(111) surface.

In conclusion, the combination of STM and XPS re-
veals that the oxide formation on Ni(111) and Au/
Ni(111) is indeed very similar, the only difference be-
tween them is that Au atoms facilitate NiO formation
at the terraces and reduce the overall oxygen coverage.

Co-adsorption of CO and 0 on the Au/Ni(111) Surface Alloy. Fig-
ure 5A shows the CO, desorption spectra for the Au/
Ni(111) surface alloys exposed to 300 L of O, followed
by 5 L of CO at 100 K. The low-temperature CO, TPD de-
sorption peak is clearly observed to increase with Au
coverage, whereas the CO, desorption peak assigned
to carbonate decomposition at 420 K decreases with in-
creasing Au coverage. The effect of Au is thus to block
the formation of carbonates, leading to an increased
amount of CO, desorbing at low temperature. No CO,
desorption is observed in the TPD spectrum when a CO
saturated Au/Ni(111) surface alloy is exposed to oxy-
gen at 100 K.

The reduced carbonate formation on the oxygen-
covered Au/Ni(111) surface alloys exposed to CO is sup-
ported by the XPS spectra shown in Figure 5B. These
spectra were recorded on Au/Ni(111) surface alloys ex-
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Figure 5. (A) CO, desorption spectra of Au/Ni(111) surface
alloys exposed to 300 L of O, followed by 5 L of CO at 100
K for different Au coverages (given in the figure). (B) C 1s XPS
spectra of Au/Ni(111) surface alloys exposed to 600 L of O,
followed by 5 L of CO at 90 K and subsequently flashed to
273 K.

posed to 600 L of O, followed by 5 L of CO at 90 K and
flashed to 273 K to desorb CO,. The intensity of the XPS
peak located at 289 eV, assigned to carbonate, clearly
decreases when Au coverage is increased. The absence
of the peak at 289 eV for the Au/Ni(111) prepared with
the highest Au coverage furthermore demonstrates
that it is possible to completely block the carbonate for-
mation if the Au coverage is above 0.5 ML. At this high
Au coverage we only observe one peak at 286.1 eV as-
signed to CO chemisorbed in on-top Ni-sites. The inten-
sity of this peak is identical before (not shown) and
after a flash to 273 K, and from this we conclude that
the 0.5 ML Au/Ni(111) surface alloy is inactive for low-
temperature CO oxidation.

The observed CO, TPD spectrum taken on the Au/
Ni(111) surface alloy with 43% Au looks similar to the
one observed previously by Lahr and Ceyer,* who sug-
gested the existence of a unique molecular O, adsorp-
tion state stabilized by the presence of Au atoms on the
Ni(111) surface. Exothermic dissociation of this molecu-
lar oxygen upon heating was proposed to lead to CO,
formation via a “hot” atom mechanism on Au/Ni(111)
surfaces. Our TPD measurements suggest that the low-
temperature adsorption of O, on Ni(111) and Au/
Ni(111) surfaces and the reactivity of these surfaces to-
ward CO are qualitatively similar, indicating that the
role of Au is perturbative in nature. The similarity of O,
adsorption on these two surfaces is corroborated by our
XPS data in which the O 1s regions of the oxygen satu-
rated Ni(111) surface and Au/Ni(111) surface alloy ap-
pear to be very similar. The difference between our re-
sults demonstrating low-temperature CO oxidation
catalyzed by NiO, and the low-temperature CO oxida-
tion observed by Lahr and Ceyer* caused by the stabili-
zation of molecular oxygen on Au atoms within the
Au—Ni alloy might be explained by the very different
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oxygen exposures employed in the experiments. Since
Lahr and Ceyer only dosed approximately 3 L of O, at 77
K, it is unlikely that NiO, formed under their experimen-
tal conditions (Sylvia Ceyer, personal communication),
while our experiments clearly reveal that nickel oxide is
formed after exposures of >100 L of oxygen onto the
Ni(111) surface or the Au/Ni(111) surface alloy. Thus, in
the Lahr and Ceyer studies the role of Au may be deci-
sive and not perturbative as it is on NiO,.

Mechanism for Low-Temperature €0 Oxidation. To rational-
ize and gain further insights into the mechanism of
the experimentally observed low-temperature CO oxi-
dation on Ni(111), we used DFT calculations to study
the CO oxidation on a series of model surfaces: (i) sub-
monolayer and full-monolayer oxygen chemisorption
structures on Ni(111) surfaces, (ii) Ni(111) surfaces with
local O islands, and (iii) NiO(111) surfaces. These DFT cal-
culations will be presented in more detail in a separate
publication.

The DFT-calculated activation energy barriers for
CO oxidation on '/3 ML and %/3 ML O-predosed Ni(111)
surfaces are 0.83 and 0.79 eV, respectively. On a full-
monolayer O-covered Ni(111) surface, and in the case
that CO reacts off the preadsorbed O directly above an
fcc site (Eley—Rideal mechanism), an activation energy
barrier of ca. 1.2 eV was obtained. However, when the
incoming CO(g) approaches the preadsorbed O atom
(at an fcc site) from above a neighboring bridge site, the
barrier was reduced to 0.5 eV. All of these barriers are
too high to explain the observed CO oxidation at ~120
K. For a reaction to take place at a reasonable rate at
this low temperature the barrier would have to be of
the order ~0.2 eV or less.

Also, CO oxidation on a large Ni(111) surface with lo-
cal O-islands is found to be energetically difficult. In par-
ticular, the activation energy barrier for CO oxidation
on a (2 X 2) O-island formed on a Ni(111)-(6 X 6) sur-
face unit cell is at least 1.0 eV. These results suggest that
chemisorbed O on Ni(111) structures (submonolayer O
preadsorbed Ni(111), O islands on Ni(111), or a full-
monolayer O-covered Ni(111)) cannot be the active
phase responsible for the low-temperature (~120 K)
CO oxidation observed in our experiments.

As discussed in previous sections, local nickel-oxide
islands are formed when a large amount of O, was
dosed on Ni(111). The STM results image a great deal
of structural disorder, and this fact, together with the
mismatched lattice constants of Ni and NiO (which ne-
cessitate large unit cells in periodic calculations), makes
an exact treatment of the experimentally observed sys-
tem intractable for our DFT methods. As a suitable
model system for the experimentally observed NiO is-
lands we have used the NiO(111) surface of bulk NiO.
The pristine NiO(111) surface is unstable due to its po-
lar structure, and readily reconstructs into the
O-terminated octopolar NiO(111) surface, and thus we
have used this surface for our DFT calculations.
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An advantageous feature of the octopolar NiO(111)
surface reconstruction is that it exposes under-
coordinated Ni sites. Such sites are likely to be present
on a defective NiO surface, and we therefore tentatively
suggest that they are also present in the structurally dis-
ordered NiO islands observed in the STM images. These
defect sites may play a crucial role in the observed CO
oxidation by providing adsorption sites for molecular
oxygen. To explain the experimental observations, we
have examined different configurations in which (1)
molecular O, can be stabilized, and (2) pathways lead-
ing to CO, formation with small or vanishing barriers
exist.

We find from extensive DFT calculations that on a
clean O-terminated octopolar NiO(111) surface, CO pre-
fers to bond to a Ni-atop site, with a modest binding en-
ergy of —0.46 eV. However, CO oxidation on the clean
octopolar NiO(111) surface using a crystal apex O atom
as a reactant is energetically very demanding. In con-
trast, when O, was preadsorbed on the NiO(111) sur-
face at a sufficiently high coverage so that all surface Ni
atoms are blocked by oxygen, our DFT calculations
showed that the NiO apex O atom can spontaneously
react with CO (see Figure 6). Yet, the CO, product from
this reaction is only weakly bound on the O, pread-
sorbed defective NiO(111) (the defect is created after re-
acting off the apex O), and the energy needed for CO,
desorption from the surface is 0.47 eV. We tentatively
suggest that desorption of this surface bound CO, may
occur at low temperature assisted by the energy re-
lease from chemisorption and/or dissociation of a
nearby O, molecule. In particular, the DFT calculations
show that the binding of O, to the vacancy created
upon CO, desorption is exothermic by 0.94 eV. Follow-

EXPERIMENTAL AND THEORETICAL METHODS
The Ni(111) crystal was cleaned by multiple cycles of Ar-
sputtering (2 keV) at room temperature and annealing to 800
or 1000 K until no contamination could be detected with the
STM or XPS. STM measurements were carried out at tempera-
tures between 100—350 K with the home-built Aarhus-STM"”
mounted in a UHV chamber with base pressure ~1 X 107'° Torr.
For the STM measurements the temperature was measured
with a type-K thermocouple in mechanical contact with the crys-
tal. Au was deposited onto Ni(111) at room temperature from a
home-built thermal evaporator or a commercial E-beam evapo-
rator. Subsequent annealing at 800 K for 10 min led to the for-
mation of the Au/Ni(111) surface alloy where individual Au at-
oms are substituted into the Ni(111) surface layer. In the STM
chamber the evaporators were calibrated from STM images of
Au deposition at room temperature onto the Ni(111) surface, in
which case Au grows pseudomorphic into large Au-islands.'®
CO, 0,, and CO, gas exposures are given in langmuir (1.0 X
107¢ Torr - s), and they are based on the ion gauge reading with
no correction for different sensitivity factors of the gases. In the
STM chamber the Ni(111) crystal was oxidized by exposing the
single crystal to O, at low temperatures (100 K) when the sample
was located in the STM. When the sample is in the STM, the lo-
cal pressure on the sample surface is lower than the measured
pressure in the chamber, the reason being the cold Al block of
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Figure 6. On the NiO(111) surface preadsorbed by O,, the
apex O atom of NiO(111) can spontaneously react with CO,
forming CO,, which is weakly bound on the surface. Blue,
red, and gray spheres represent Ni, O, and C, respectively.
The preadsorbed O, are highlighted by magenta spheres.

ing a healing of the O-apex vacancy by CO, desorption
and O, adsorption, our DFT calculations show that the
extra O atom atop of the apex-O is removed by sponta-
neous reaction with another CO molecule, and thus
the DFT calculations appear to suggest a closed cata-
lytic CO oxidation cycle. A detailed discussion of the
DFT model and the DFT calculations will be presented
in a separate publication.

CONCLUSIONS

We have shown that a small amount of CO, is pro-
duced at ~100 K on both Ni(111) surfaces and Au/
Ni(111) surface alloys in the presence of loosely bound
oxygen. The STM and XPS results indicate that nickel ox-
ide is formed on both the pure Ni(111) surface and Au/
Ni(111) surface alloys at ~100 K. Our TPD measure-
ments reveal increased low-temperature CO, formation
upon addition of Au, and both TPD and XPS show that
Au inhibits carbonate formation. DFT model calcula-
tions identify barrierless pathways to CO, formation on
defective NiO, surfaces upon saturation with O,, and we
suggest that nickel oxides play a central role in cata-
lyzing CO oxidation at cryogenic temperatures.

the STM in which the scanner tube is mounted. When cooled to
100 K, the Al block acts as a small cryopump. In the TPD setup,
the Ni(111) crystal was supported by W wires. These W wires
were also used for resistively heating of the crystal. A thermo-
couple was spot-welded to the side of the crystal, and a feed-
back circuit was used to control the temperature of the crystal
with high precision. The tungsten wire was in mechanical con-
tact with a liquid nitrogen Dewar and temperatures below 100
K could be reached in the TPD setup. Au coverages in the TPD
setup were measured indirectly by the CO-desorption experi-
ments. CO molecules adsorbed at RT will only adsorb on the
Ni(111) surface, and the integrated CO desorption signal is thus
proportional to the area of Au-free Ni(111) surface. All TPD ex-
periments were performed with a linear heating rate of 1 K/s. The
TPD spectra were recorded directly after gas dosing, and the
background signal was fitted with a polynomial and subtracted
from each spectrum. Desorbed quantities were calculated by the
integration of the TPD spectra using the known saturation cov-
erage of CO at RT (0.5 ML)" and gas sensitivity factors for the
mass spectrometer.

The XPS measurements were performed at MAX-Lab, beam-
line 1311, which is described in detail elsewhere.?° The XPS spec-
tra, which were collected in normal emission with photon ener-
gies of 380 eV for C 1s and 625 eV for O 1s levels, are normalized
directly to the beam current in the storage ring or to the spec-
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trum background, and the binding energies are calibrated to
the Fermi edge. Asymmetric Voigt peaks are used for the curve
fitting, and CO and oxygen coverages are determined by integra-
tion. In the XPS chamber the Au doser was calibrated by measur-
ing the Au 4f peak after deposition of Au on a Ru(0001)
crystal.?!

Periodic DFT calculations were performed with the Vienna
ab-initio simulation package (VASP) code,?? using ultrasoft
pseudopotentials or projected augmented wave (PAW)
potentials.?*>%* The exchange-correlation functional was de-
scribed by the generalized gradient approximation,?® and an en-
ergy cutoff of 400 eV was used. The Ni(111) surface was mod-
eled by a four-layer slab with a (\/3 X 1/3)R30° surface unit cell.
The NiO(111) surface was modeled by a slab with six NiO double-
layers with the p(2 X 2) O-terminated octopolar reconstruction
(/4 ML O missing in the top layer and '/, ML Ni missing in the sec-
ond layer).?®?” For modeling reactivity on NiO(111), the DFT+U
method?® with the parameters of U = 6.3 eV and J = 1 eV?° for
Ni 3d orbitals was used. The two bottom-most Ni layers for
Ni(111) or NiO double-layers for NiO(111) were kept fixed dur-
ing calculations; the remaining layers of the slab, including the
absorbate, were allowed to relax. More details on these calcula-
tions can be found in a forthcoming publication.
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