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The CO/Pt/Ru(0001) interface has been re-examined, in great detail, by photoelectron spectroscopy of high
resolution under UHV conditions. The Ru(0001) substrate has been modified by platinum at coverages less than
corresponding to the one, saturated, Pt overlayer, with no Pt/Ru intermixing. The analysis of the extent to which
different regions of the photoelectron spectrum allow a detailed characterization of the interface is presented.
The CO adsorption displays interaction with two separate phases: the Pt(111) face and the Ru(0001) surface.
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1. Introduction

In order to understand the phenomena occurring on
the surface (adsorption, surface and bulk diffusion, atoms
intermixing, surface reactions, etc.) in terms of their
description and predictability, investigations of the solid
surfaces are required. Metallic surfaces play a special
role in the science, because the control of the phenomena
taking place e.g. in heterogeneous catalysis, corrosion
of metals and their alloys as well as predicting the adhe-
sion properties of metals are essential in modern material
science. It is worth noting that the surface science is a
precursor of nanotechnology in the field of proper shap-
ing of structures and properties of the surface layers of
metals. The study of the interaction of carbon monox-
ide with transition metal surfaces has been of interest
for technological application (catalysis) and for the the-
oretical point of view. In the past few decades, various
surface science techniques and theoretical methods have
been employed to this, so-called, model adsorbate sys-
tem. By establishing a correlation between spectroscopic
data and the chemisorption energy (e.g. CO on a series
of metal surfaces [1]) it is possible to predict the surface
chemical activity based on the electronic properties only.

It is known that on the Ru(0001) surface at tem-
peratures less than 520 K, under vacuum conditions
CO adsorbs non-dissociatively in the upright position
with the C end facing the surface. Consequently, ad-
sorbed CO forms a number of ordered phases, namely
(V3 x V/3)R30° at a coverage of 0.33 SML (substrate
monolayers, i.e. coverage expressed relative to the num-
ber of the surface atoms) [2]; and two low tempera-
ture coverages (existing at T' < 200 K) exceeding 1/3:
(2v/3 x 2v/3) R30° at 0.58 SML; (5v/3 x 5v/3) R30° at 0.65
SML [3, 4]. Experiments performed at elevated pressures
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(up to 1 Torr) showed similar results except that carbon
builds-up on the surface at lower temperatures, i.e. at
300 K due to CO dissociation [5].

Platinum deposited on Ru(0001) at room tempera-
ture (RT) in submonolayer amount forms small, homo-
geneously distributed, two-dimensional islands with a re-
laxed, dendritic shape [6, 7]. The condensate structure is
compatible with the Pt(111) face and contains a big frac-
tion of edge sites. At 870 K, the transformation from a re-
laxed to stressed (polymorphic) phase was detected from
the Pt 4f binding energy (BE) shift. Up to ca. 970 K
any Pt/Ru intermixing is not expected [7, 8|.

On the Pt(111) surface carbon monoxide adsorbs
molecularly, with a comparable bond to that on ruthe-
nium and the perpendicular orientation [9]. The satu-
rated layer is a mixture of on-top and bridge sites with
a 1:1 ratio [10, 11]. At 300 K, LEED shows the ¢(4 x 2)
structure corresponding to the 0.50 SML at saturation
with coexistence of two inequivalent sites [12]. At lower
coverages, mostly on-top sites are filled.

Adsorption of low CO coverage on Pt layers on
Ru(0001) has been studied using infrared-absorption
spectroscopy, scanning tunnelling microscopy, and ther-
mal desorption spectroscopy [13]. The results were dis-
cussed in context of thin film structural (lateral strain,
defects) and electronic points of view.

In this paper, systematic investigations of CO adsorp-
tion on a platinum-modified ruthenium substrate, re-
examined by photoemission of high resolution, are pre-
sented. The modification of the interface is simple, as it
refers to the two separate phases, Ru and Pt, with mi-
nor influence of the subsurface ruthenium layer on the
interaction with the adsorbed molecules.

2. Experimental

The experiments were performed at the ISA Centre
for Storage Ring Facilities (ASTRID2, Aarhus, Den-
mark) using the AU-Matline end station. The material
science beamline with the use of a multipole wiggler
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served the photon energy in the range of 20-700 eV [14].
The ultra-high vacuum (UHV) chamber (base pressure
of 6.0 x 107® Pa) was equipped with standard surface
techniques for surface preparations and characterization.
The UHV system contained a Scienta electron energy
analyser and SX-700 monochromator.

The Ru(0001) sample was mounted on a heating
device attached to a dewar giving the possibility of
cooling to 115 K and heating (by e-bombardment) to
1300 K. The temperature of the sample was measured
with a K-type thermocouple (chromel-alumel; NigoCryo—
Nigs MnyAl,Sip) spot-welded to the rear part.

The Ru(0001) single crystal was cleaned by repeated
cycles of ArT ion bombardment (1.0 keV, pa, = (3—4) x
10~2 Pa, 25 min) followed by flash annealing to 1300 K.
Surface cleanliness was checked by the 5/2 to 3/2 inten-
sity ratio of the 3d Ru band to that expected for clean
ruthenium at given settings of the electron energy ana-
lyzer and accompanied software (the C 1s peak overlaps
with the Ru 3ds,, peak).

The Pt-modified ruthenium surfaces were prepared by
vapor deposition of Pt (e-bombardment heating) on sub-
strate at RT. At the end of longer time of evaporation, the
pressure of residual gases increased to 8.0 x 10~7 Pa. Af-
ter adsorption we have received in the first case I(6)/I =
0.9737 and 0.8220 for the second case and the Pt coverage
has been evaluated (Appendix) as 0.06 and 0.42 mono-
layer, respectively. Hence, the rate of deposition is equal
to 4.5 x 10~* monolayers per second, ML /s. For the two
coverages under investigations, 0.06 and 0.42 adsorbate
monolayer (AML), we expect small and larger Pt islands
of ramified shape on the substrate, respectively, with the
platinum lattice constant of (111) orientation.

CO was admitted to the whole chamber via a dosing
system. A typical dose of 1.0 L corresponded to 2 s of
6.67 x 1075 Pa (5.0 x 10~7 Tr). The saturation layer of
CO was achieved after 5 to 15 L.

The spectra of the regions were normalized taking the
average intensity of the last 10 points of the high kinetic
energy side (where the background hardly changes) as
equal to the 1.00 level. In the case of the valence band
(VB) spectra the 1.00 level was taken as the aligned
average intensity (noise) corresponding to kinetic ener-
gies greater than the applied photon beam energy. For
each region of the spectrum the appropriate part of
the valence band containing the Fermi level was regis-
tered. The edge was determined using the step function
(a/(1+exp((z —b)/c))) + d where x denotes kinetic en-
ergy and a, b, ¢, d are parameters and the value obtained
was used to determine the binding energy (BE) with high
precision. In the present work, assigned uncertainty cor-
responds to the reproducibility of the spectrum.

3. Results and discussion
3.1. Ru(0001)

The sputter-cleaned Ru(0001) single crystal shows the
Ru 3d doublet, Fig. 1, at 279.79(4) eV (3d5,2) with a
spin—orbit splitting (SOS) of 4.17 V. Due to the Coster—
Kronig effect, the full width at half maximum (FWHM)
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of the 3d3/, is greater than the one of the 3ds/,. The fit-
ting is achieved using an asymmetric line shape. For the
instrument and the acquisition system measurements em-
ployed in this study, the parameters of the fitting proce-
dure are determined as collected in Table I. The values
presented are consistent with the literature.

T T
Ru(0001) 305 K
hv=350 eV: C 1s Ru 3d

T T
Ru(0001) 305 K
hv=350 eV: Ru 3d

intensity, arb.u.

288 286 284 282 280 278 276
binding energy, eV

288 286 284 282 280 278 276
binding energy, eV

Fig. 1. Ru 3d region of spectra before (left part) and
after exposure to 55 L of CO (right part) at 305 K.
The experimental data are crosses, the solid lines are
the background and individual peaks from fitting of the
data.

TABLE I

Ru metal, 3d. Binding energy, separation and FWHM
are given in eV.

BE(3ds,2) | Doublet sep. % h,lt' FWHM Ref.
ratio ratio
280.0(1) 4.10-4.20 [15]
279.8(7) 4.17 60/40 |0.48/0.92 [16]
279.79(4) 4.17 61/39 [ 0.80/1.29 | this work

3.2. Ru(0001)-CO

Typical spectra obtained from CO adsorbed on the
ruthenium surface and the results of the spectra synthesis
are shown in Fig. 2 and summarized in Table II. From the
attenuation of the Ru 3ds/, peak, ratio of intensities of
0.7283, the CO coverage of saturated layer was evaluated
(Appendix) as equal to 0.96 of the full (v/3 x +/3) R30°
structure. The left part of the figure shows the O 1s peak
and the right part displays the VB. The results concern-
ing the C 1s peak are shown in the right side of Fig. 1.
In this case, i.e. adsorption at around RT, practically
any complexity of the O 1s peak was not observed.

Normal emission VB spectra show a similarity between
the adsorbate resonances and the gas phase spectrum of
carbon monoxide. The similarity to the gas phase spectra
supports the interpretation of CO as molecular (associa-
tive) with bonding to the metal surface through the car-
bon atom. Two prominent peaks are assigned to the 4o
and 50 /17 orbitals of the free molecule based on compar-
ison with the gas phase spectrum and the metal carbonyl
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Ru(0001)gy -CO
hv=60eV: VB

Ru(0001)gy -CO
hv=650eV:01s

clean

intensity, arb.u.
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difference:
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Fig. 2. O 1s region obtained after CO adsorption on
Ru(0001) with peak synthesis (left part). VB region of
spectra before and after exposure to 5 L of CO (right
part) at room temperature (normal emission). The dif-

ference spectrum was useful in the analysis of the CO-
derived orbitals.

TABLE II

VB and O 1s spectra of adsorbed CO at room tempera-
ture. BE, FWHM is given in V. %ts denotes percent of
total signal (area).

Peak Position | FWHM | %ts
VB: satell. 6.68 1.16 8
CO: 1n /50| 7.78 1.16 | 28
VB: satell. 8.88 1.16 4

Interface
Ru(0001)grr—CO

CO: 4o 10.75 0.78 60
CO: C1s | 285.53 1.04 | 100
CO: O 1s | 530.23 1.77 | 100

annealed to 510 K C1s
Ru(0001)115K*CO CO O 15
CO: O 1s

282.52 0.60 19
530.52 1.68 85
528.81 1.68 15

spectrum. The 40 peak position shifts slightly (less than
0.1 eV) towards higher BE with coverage. These findings
are consistent with those published by other authors [17].

It is interesting that the 4o feature has no satellite
on the high binding energy side as it was observed for
the copper substrate. In the CO/Cu case, the 40 satel-
lite has an intensity near 36% of the main peak and the
intensity ratio was indicative for the CO—substrate inter-
action [18, 19]. Consequently, the registered 1s spectra
of carbon and oxygen do not contain satellites [20, 21]
as it could be seen in Figs. 1 and 2 and due to that the
synthesis of the spectra is greatly simplified.

The spectra registered with increasing temperature
from RT are collected in Fig. 3. The peaks correspond-
ing to adsorbed CO, i.e. the C 1s peak lying on the
slope of the Ru 3d3/2, the CO 40 and 17 /5¢ molecu-
lar features of the VB and O 1s peak decrease in in-
tensity and finally disappear at temperatures exceeding
ca. 510 K. The oxygen-free ruthenium surface could only
be obtained by annealing. In the Ru 3d region (not
shown in Fig. 3), the peak at BE = 282.52 €V of small
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Fig. 3. The spectra (normal emission) before and af-
ter annealing the Ru(0001)rr—CO interface to the indi-
cated temperatures: O 1s region (left part), C 1s region
(middle part) and VB region (right part).

intensity (Table IT) left after desorption of carbon monox-
ide molecules. Due to the temperature involved in the
annealing process, it is assigned to a carbidic form of the
C 1s feature [22]. The presence of this, small intensity
carbide peak, was confirmed by inspection of the differ-
ence spectra derived from a sample clean and after des-
orption. During annealing to 510 K, a small amount of
CO molecules dissociate, probably at the surface defects,
leaving the carbide on the surface.

The spectra corresponding to the low temperature
(115 K) adsorption look similar except the O 1s. The VB
spectrum contains the CO 40 and 17/50 orbitals sepa-
rated by a distance of 2.95-3.00 eV. The region of the
O 1s shows an additional peak of low intensity located
1.71 eV lower than the BE of the peak attributed to CO
adsorbed on-top. Due to low temperature adsorption,
the coverage of CO at saturation is higher than before.
Our calculation (Appendix) based on the Ru 3d;/, inten-
sity ratio of 0.6531 gives a value of 1.22 relative to the
(v/3 x v/3)R30° structure, i.e. it is higher than 0.33 SML
and consequently additional molecules of CO adsorb in
bridge position, BE(on-top) > BE(bridge). The absolute
values of the O 1s binding energies are 1.4-1.7 eV lower
than those published by Starr and Bluhm [5].

8.8. Ru(0001)gy—(0.06 AML)Pt(111)115% -CO

The Pt 4f spectra obtained from a small amount of
deposit (0.06 AML) at different stages of the experi-
ment are displayed in Fig. 4 (left part). Typical spec-
trum of the interface after platinum deposition at RT
contains two distinct features, at 71.06 and 74.37 eV
(SOS = 3.31 eV), corresponding to the 4f7/o and 4f5/5
emissions. The peaks are broadened due to the morphol-
ogy of the adsorbate. At high BE side of both peaks,
additional spectral weight is associated. The 4f Pt spec-
tra do not show separate surface and bulk contributions
of the signal because the expected energy shift is smaller
than overall experimental resolution of the system.
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Ru(0001)gy -Pt 7 -CO
VB; hv =60 eV

intensity, arb.u.

N
Pt 4f5/2

Ru(0001)gy Pty -CO
Pt 4f, hy = 240 eV

PLATTI2

80 78 76 74 72 70 68 20 15 10 5 0
binding energy, eV binding energy, eV

Fig. 4. Left part: Pt 4f spectra (hv = 240 eV; normal
emission) with peak synthesis. Right part: VB spec-
tra obtained during experiment (hv = 60 €V; normal
emission) at the indicated temperatures.

After saturation of the modified interface with CO
at 115 K, the CO-induced Pt 4f peaks show shift by
~ 1.0 eV towards higher BE. Those lines dominate in
the total spectrum. At 300 K, two CO-induced peaks
are of smaller intensity which is a consequence of desorp-
tion of molecules, particularly those involved platinum.
It seems that the desorption starts at lower temperatures
than on the pure Ru(0001) or Pt(111) surfaces. The Pt
4f spectrum returns to the initial one after annealing
the interface at 500 K. From the other hand, total CO
desorption takes place at the same temperature as that
observed for pure substrate. For such adsorbate behav-
ior, adsorption close to the Pt island edges could be
responsible.

T T T T
Ru(0001)gy -Pty 55 -CO
O 1s; hv =650 eV

T T T
Ru(0001)gt -Pty45¢ -CO
O 1s; hv = 650 eV

intensity, arb.u.
s
o
o
=

L 1 L L L L 1 1 L L )
536 534 532 530 528 526 536 534 532 530 528 526
binding energy, eV binding energy, eV

Fig. 5. O 1sspectra obtained during experiment (hy =
650 eV; normal emission) at indicated temperature.
O 1s peak at 115 K is presented with peak synthesis.

The O 1s peaks corresponding to low temperature ad-
sorption of CO on the Ru(0001)-Pt interface are collected
in Fig. 5. The fine structure of the peak indicates the pos-
sibility of the contribution of three components. This is
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confirmed by analysis of the 1s feature obtained at high
temperature. Three contributions indicate that molec-
ular CO adsorb additionally on sites other than on-top
Ru. The bridge bonded CO on Ru is represented by
peak at lower BE than the main oxygen peak (Table III).
Third peak in the O 1s spectrum with a binding energy
of 531.63 €V is interpreted as coming from adsorbate on
platinum. The intensity, expressed by the percent of total
signal (%ts), is proportional to the amount of adsorbate,
respectively.

TABLE III

O 1s spectra of adsorbed CO at 115 K on Pt covered
Ru(0001) of 0.06 AML. BE, FWHM is given in eV. %ts
denotes percent of total signal (area).

Interface Peak |Position| FWHM | %ts
Ru(0001)rr—Pt115x-CO|CO: O 1s| 528.83 1.80 |14
CO: O 1s| 530.50 1.76 74

CO: O 1s| 531.63 1.80 12

annealed to 400 K CO: O 1s| 528.67 1.77 | 20
CO: O 1s| 530.46 1.77 67

CO: O 1s| 531.61 1.77 13

3.4. Ru(0001)rr—(0.42 AML)Pt(111)gr—~CO

Series of spectra corresponding to the Pt(0.42 AML)-
modified ruthenium interface, the O 1s, valence band and
the Pt 4f are collected in Fig. 6 and Fig. 7, respectively.
Room temperature adsorption of CO at higher coverage
of platinum shows qualitatively similar results to the pre-
vious ones. Due to the adsorption at room temperature
and as a consequence of a smaller saturation coverage
of CO, the O 1s additional contributions exhibit relative
lower intensities (Table IV). Similarly, the CO-induced
Pt peaks are visible as a shoulder on the high binding
energy side of the main peak.

. ‘
Ru(0001)gy -Ptgr -CO
VB; hv =60 eV

Ru(0001)gy Pty -CO

0O 1s; hv =650 eV

600 K
500 K

intensity, arb.u.

400K

Ru-Pt-CO

clean

. . . . . L
536 534 532 530 528 526 20 15 10 5 0
binding energy, eV

binding energy, eV

Fig. 6. Left part: O 1s spectra (hv = 650 eV; normal
emission); the peak synthesis shows the contribution of
three components. Right part: VB spectra obtained
during experiment (hv = 60 e€V; normal emission) at
the indicated temperatures.
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Fig. 7. Left part: Pt 4f spectra obtained during exper-

iment (hv = 240 eV; normal emission) at the indicated

temperatures. Right part: the Pt 4f peak synthesis for

identification of the CO-induced Pt contribution.

TABLE III
O 1s spectra of adsorbed CO at RT on Ru(0001) with

Pt coverage of 0.42 AML. BE, FWHM is given in eV.
%ts denotes percent of the total signal (area).

Interface Peak |Position|FWHM | %ts
Ru(0001)rr—Ptrr—CO|CO: O 1s| 528.48 1.70 | 14
CO: O 1s| 530.31 1.70 | 78

CO: O 1s| 531.60 1.70 8

annealed to 400 K |CO: O 1s| 528.52 1.63 17
CO: O 1s| 530.36 1.63 | 72

CO: O 1s| 531.25 1.63 | 11

4. Conclusions

The interaction of CO with the Pt-modified Ru(0001)
surface was studied by means of photoelectron spec-
troscopy using synchrotron radiation. Carbon monox-
ide was adsorbed at low (115 K) and at room temper-
ature. The C 1s peak, overlapping the region of the
Ru 3d3/5 peak, corresponding to the molecular adsorp-
tion is clearly distinguished and desorbs under tempera-
ture treatment. Chemisorbed CO shifts the Pt 4f peaks
by =~ 1.0 eV towards higher BE which is quite promi-
nent at very low platinum coverages. The Pt islands
influence as well the range of desorption temperatures of
the adsorbed molecules. In addition to the peak repre-
senting “on-top” molecular geometry, the O 1s feature of
the modified interfaces shows an additional contribution
which is identified as “bridge-bonded” CO. In the valence
band, the 40 and 50/17 orbitals are unaffected by the
adjacent platinum atoms.

Appendix: Evaluation of adsorbate coverage
Up to one monolayer, the photoemission signal changes
linearly with coverage [23] and for the substrate we have
I0)=1-11-1(1)]8,
where I denotes the intensity of the photoelectron tran-
sition of the substrate without the adsorbate, 6 is the
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coverage (0 < # < 1) and I(1) denotes the signal corre-
sponding to the substrate covered with the one adsorbate
layer, i.e. the surface saturated with adsorbate at given
experimental conditions. Rearranging the above equa-
tion we obtain

B I-1(0) 1 -1(0)/1

T —Texp(—1/)) 1—exp(—1/\)’

Then, the surface coverage, 8, can be calculated on the
basis of the substrate signal only on the condition of that
the electron escape depth, A (in monolayers), is known.
The A quantity could be evaluated with the help of the
Seah-Dench formula [24]. Because the photoelectrons
have been registered along the surface normal, the elec-
tron escape depth has the same value as the attenuation
length.

Pt coverage

The platinum coverage was determined by taking into
account the areas under the Ru 3ds,, peak before and
after adsorption. The practical monolayer thickness of
platinum, calculated from the density of Pt, 21.45 X
103 kg/m?3, is equal to ap; = 247.2 pm. Using the for-
mula for elements [24], Aar, = 538 x 1072 +0.41(ax 10)°-5,
the AL of the 70.6 eV electrons through the Pt layer is
equal to 1.82 practical monolayers (PML). The PML is
approximation of the quantity in units of the AML.

CO coverage

The monolayer thickness of CO can be approximated
in several ways. The distance between the planes of
ruthenium and of oxygen, for the C=0 (molecular triple
bond) adsorbed on-top, is equal to a = r(Ru,at.) +
2r(C,molec.3b) + r(O,molec.3b) = 0.130 + 2 x 0.060 +
0.053 = 0.303 nm, where r denotes suitable radii [25].
The calculated density of the (\/3 X \/?:)R30° struc-
ture with the above mentioned height slightly exceeds
(ca. 3%) the density of CO in the liquid state. On the
other hand, a calculation based on the density of liquid
CO, 0.789 x 10® kg/m?, results in aco = 0.3089 nm,
which seems to be a good approximation for calculat-
ing the electron escape depth. Using the formula for
inorganic compounds, namely oxides [24], Aar, = 2170 X
1072+40.55(a x 10)%-®> PML, the attenuation length of the
70.6 eV photoelectrons through the adsorbate is equal to
3.00 PML or AML.
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