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Abstract. Optical infrared-visible sum-frequency generationon the bond frequencies of the adsorbed molecules [6]. Re-
(SFG) surface vibrational spectroscopy was used for in sitgent experiments in which SFG was used to monitor bonding
detection of CO during heterogeneou€O oxidation on and location ofCO surface species during heterogene®G@s

a polycrystalline platinum foil. SFG spectra were recordedxidation on aPt(111) single crystal up to atmospheric pres-
in the substrate temperature rargf¥)-700 K at a total pres- sures, showed that SFG can be utilized to bridge the “pressure
sure of20 mbar A least-squares fit procedure was employedyap” in the CO/Pt system [7—9]. In recent work [10], SFG

to determine the temperature dependence of the vibrationallyas employed to investigat€eO adsorptioridesorption on
nonresonant contribution and the frequency, amplitude ana polycrystallinePt foil in the substrate temperature range
halfwidth of theCO vibrationally resonant contribution from T = 300-660 K under laminar flow conditions. The present
the SFG spectra. Thermal desorption measurements were camrk focused on the extension of these studies to assess
ried out to investigate the relationship between the SFG sign#éthe potential of SFG for “bridging the materials gap” by
and the instantaneo®O surface coverage. After these cal- quantitative in situ monitoring of chemisorb&D during
ibration measurements, it was possible to de@i@surface heterogeneou€O oxidation on a polycrystallinét foil.
coverages from the SFG spectra measured under laminar flddowever, determination d€O coverages from SFG spectra

conditions during heterogeneoG® oxidation. requires careful calibration measurements employing another
independent surface sensitive method, as has been shown
PACS: 78.47 in [11] for the CO/Ni(111) system. So far, similar calibration

measurements were, to the best of our knowledge, not car-

ried out for theCO/Ptsystem. Therefore, in the present work

The use of optical methods which probe interface electroniexperiments were carried out in which SFG measurements

and vibrational resonances offers significant advantages overere combined with thermal-programmed desorption (TPD)

conventional surface spectroscopic methods in which, fomeasurements in order to establish a relationship between the

example, beams of charged particles are used as a prolsesonant contribution c€O SFG spectra and the actu@D

or charged particles emitted from the surfdoeerface after surface coverage on a polycrystalliRefoil. Finally, results

photon absorption are detected [1]. In particular, threefrom in situ SFG studies d£O oxidation, in whichCO cov-

wave mixing techniques such as second-harmonic generati@nages were derived from SFG spectra, utilizing the results of

(SHG) have become important tools to study surface readhe calibration measurements, are reported.

tion processes [2]. SHG is potentially surface-sensitive at

non-destructive power densities [3] and its application is not

restricted to ultra-high vacuum (UHV) conditions. However,1 Experimental

SHG suffers from a serious drawback, namely from its lack

of molecular specificity [4]. As a consequence, SHG cannol.1 Experimental setup

be used for the identification of unknown surface species.

On the other hand, infrared—visible (IR-VIS) sum-frequencyExperiments were carried out in a reaction chamber, which al-

generation (SFG) allows surface vibrational spectroscopifows studies over a wide pressure range from UHV-conditions

measurements with submonolayer sensitivity with the help of3 x 10-°mbaj up to atmospheric pressure. In the high

a tuneable IR laser [5]. In addition to molecular specificity,pressure regime this experimental arrangement can be used

SFG also allows a direct probe of the effect of the interfaceo investigate adsorptigdesorption and reactive processes
of well-defined stagnation point flows of reactant mixtures

* Author to whom correspondence should be addressed. on the catalyst surface (a detailed description of the experi-

(Fax: +49-622154-4255, E-mail: aw2@ix.urz.uni-heidelberg.de) mental setup can be found in [8,10]). The reaction cham-
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ber was equipped with a quadrupole mass spectrometer for The fundamental principles of the SFG surface vibrational
TPD measurements, &r" sputter source, a retarding field spectroscopy have been described in detail elsewhere [3]. In
analyser (RFA) for Auger electron spectroscopy (AES) andhe present case the SFG process is a second order non-linear
low-energy-electron diffraction (LEED) studies a@dF, and  optical process in which a tuneable infrared wawugg) is
guartz windows serving as entrance and exit ports for the lasenixed with a visible {\s) wave to generate a sum frequency
beams and the sum-frequency signal, respectively. A seoutput wsrg) which, for the CO gag/Pt system, is highly
ond differentially pumped quadrupole mass spectrometer wespecific to the gas-phagairface interface region. The SFG
connected to the vacuum line behind the reaction chambeaignal intensitylsggis proportional to the product of the non-
which could be used for on-line monitoring of stable reactioninear surface susceptibilitxéz) and its complex conjugate:
products (in the present study(,) in the exhaust gas.

The sample was mounted on a copper block and could be
translated, tilted and rotated by means of a manipulator fitteg « (2)( (2))* _ | (2)|2 (1)
with a differentially pumped rotary feedthrough. TRefoil ~ 'SFE* Xs Xs ) = IXs | -
(Advent, purity > 99.99%) could be resistively heated. The
mounting enabled work in the temperature raBe-1600 K @ ) _ _
by the use of direct sample heating with a proportionalxs represents a third order tensor quantity which can be de-
integral-derivative (PID) control unit. The temperature ofscribed as the sum of a nonresonakf& and resonant term
the catalyst was measured bNa—NiCr thermocouple spot
welded to thePt foil. Clean platinum surfaces could be ob-
tained by applying several cycles Af* ion sputtering fol-
lowed by oxidation atLl000 K After the last sputter cycle,
at 300 K with 3keV Art ions for 45 min the sample was
heated to750K for 5min. Then the sample was cooled
down to 300 K. This procedure ensured reproducibility of
the temperature depende@©O-SFG spectra measurements.
During theCO oxidation measurements the premixed flows
were 30sccm Q (Messer Griesheim99.999%), 15 sccm
CO (Messer Grieshein99.994%), and105 sccm A{Messer
Griesheim,99.998%) at a total pressure d@0 mbar TPD
measurements were carried out with a linear heating rate «
5K/s, starting at the equilibriunCO surface coverage at
10-8 mbar COpressure and different temperatur€© sur-
face coverages were derived from the integrated peak areas
the TPD signal.

1.2 Sum-frequency generation (SFG) —
>
For the detection of chemisorb&@D, a 40 psmode-locked &
Nd:YAG laser system was used which has been described |2
detail elsewhere [8,10]. A part of its output was frequency 2
doubled td532 nmand used as the visible input frequency for 8
the SFG process. The other part was used to pump an optics
parametric system to generate infrared (IR) radiation tuneab O
in the frequency rangel 800-2200 cnt?) with a pulse dura- %
tion of 25 psand a bandwidth of + 1 cn L. The visible and
the IR laser beams werg-polarized and overlapped at the
surface. Incident angles wes&° for the visible and5° for
the IR beam with energies d¢b0uJ and30y.J per pulse, re-
spectively. The spot size of the visible beam Wwasmdiam- 620 K
eter and the infrared beam was slightly focused to fall within
the visible. Baselines of the SFG spectra were determine
by blocking the IR-laser beam. Therefore the baseline ref
resents the background signal due to stray light generated
the reaction cell windows by the visible laser beam. Tt .
sum-frequency signal reflected from tRe surface was de- 1950 2050 2150
tected (after filtering of scattered light with a dielectric filter
and a rgonochroma?[or) by a photor?wultiplier and a gated inte- Wavenumber (cm™)
arator, and ransferred o a aboratory computer. Each point @ 1 2 Seects Messus (i 1o feetarsbeiin o,
the rgcordecCO SFG spectra (see for example Fig. 1) were pzoymgar(pco —2mbar po, = 4mbar pa = 14pmbay. Experimgntal
obtained by averaging over 120 laser shots at a laser repetitiQha points are represented Gpsses the solid linesrepresent resuilts of
rate of10 Hz least-squares fits. Details of the fitting procedure are described in the text
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x2: Pt foil in the frequency regiori800-1900 cntt. The solid
lines in Fig. 1 are the results of a numerical least squares fit
1P = x B+ 12 (2) of the experimental data points (crosses) using (5) together

with (1). The numerical analysis allowed us to determine

The resonant terp? , which is associated with a vibrational e parameteréco, I, Ar, Awr and @ as a function of

mode of a surface layer of adsorbates, can be expressed, f§1€ Substrate temperature. According to (4), the nonresonant
lowing the coupled-wave approach, as [4]: part of the SFG spectra can be described by the amplitude

of the vibrationally nonresonant contributioAng, and the
e NTxMxAp AR 3) phase between the non-resonant and the vibrationally reso-
R = — — _ e nant contribution@. In agreement with our previous results
h(@r—ox+iD) (@R —ox+iD obtained on disordereBt{(111) [8], the present study also
Here, N denotes the adsorbate surface dendigyjs the in-  found only a weak dependence)q‘q,zp)a on the substrate tem-
frared transition momentyly is a term proportional to the perature. Over the temperature rafige- 300-620 K where
Raman transition moment of the vibrational mode of the ad€O could be detected the non-resonant amplitude was con-
sorbed moleculeX, and wy is the corresponding molecu- siderable smaller than the resonant amplitude (for example:
lar vibrational frequencyl” is the homogeneous Lorentzian Angr/Ar =~ 7 x 1072 at a substrate temperature 620 K).
half-width of the mode, and\p is the population differ- The values of the vibrational frequeneoyo, the resonant am-
ence between the ground and vibrational excited states. If th@itude Agr, and the Lorentzian width (FWHM) 12, which
adsorbate vibration is both Raman and infrared active, thdetermine the resonant contribution of the adsoi®€&d are
resonant contribution becomes significant as the IR laser iglotted versus substrate temperature in Fig. 2.
tuned through the vibrational transition. As a result, the SFG In earlier CO adsorptioridesorption studies on a poly-
spectrum provides similar information as can be obtained bygrystalline platinum foil [10] a pronounced change of the
conventional vibrational spectroscopy with the difference thatesonance frequeneyo was observed. In the latter case, at
the SF signal originates predominately from surface specied. = 300K a value of(2096+4) cm™! was obtained while
In addition, the SF output is coherent and highly directionalat T = 660 K, the highest temperature where adsorks$al
Ag defined via (3) denotes the amplitude of the resonant corwas observed, a value 2057+ 5) cm~t was found. The
tribution. The nonresonant terg{® can, in principle, consist latter frequency is lower than the frequencies observed on
of contributions originating from the adsorbate, the surfacethe (111) [6], (110) [6] and (100) [12] low-index platinum
or from cross terms resulting from adsorbate-surface interagurfaces in the low coverage limit and it was attributed to

tion. The nonresonant terwﬁﬁ% can be expressed as COmolecules Strongly bound to defect sites. FOIIOWing [13],
X[iﬁ% = Awre?, 4)
whereAyr is the magnitude of the vibrationally nonresonant<_ 2100 ' (a)
contribution due to electronic excitations of tAesurface and E 2090 F
the adsorbate, andl is its phase relative to the vibrational res- ¢ |
onance [6]. Inserting (3) and (4) into (2) yields the expressiol § 2080 F
(X=CO):
20 | b
A . —~ (b)
2 R i@
X =4 ANRe . 5 A\ F
S 7 (wr—wco+iD ©) 5 16} A
Equation (5) was used together with (1) for the numerica & 12 [ )
simulation of theCO SFG spectra measured in the presen i
study. 7T (c)
6 F
. . —_ 5 F \ 4
2 Results and discussion 5
© 4 r
2.1 In situ COdetection on a polycrystalline Pt foil during & 3 |
CO oxidation > F
The SFG spectra shown in Fig. 1 were obtained du@ay Tk
oxidation at different substrate temperatures in the rang 0 F
T =300-700 K at a total pressure @0 mbar( pco = 2 mbar — —
. 300 4
Po, = 4 mbar par = 14 mbaj. CO and O, partial pressures 00 500 600 700
were close to the values present in the exhaust gas of an sp.... Temperature (K)

ignition (SI) engine. Spectra were recorded at fixed surfacgig. 2. aCO vibrational resonance frequenayo; b Width (FWHM = 2r")
temperatures by tuning the IR laser over the frequency regio‘%f tgz ézfi?]gznitn Ctﬁz”t':;tt'%‘aﬁ;;h;esggt :g?gt?et;%nagt ta”t‘P“ttUde
1; H H H H H R . INS substrate tem-
1250—122)135)(§:ITT IanhICh.StLethhlgg wEratlons of termlnglly perature.Solid linesare drawn just to guide the eye. Theen triangles
adsorbe can be excited. Under the present experimenz; 1 620K in (c) indicate values where within the detection limit no

tal conditions no bridge-boundO [6] was observed on the chemisorbedCO could be observedAr ~ 0)
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a low frequency oR057 cnt is predicted folCO molecules In the presenCO oxidation studies over the whole tem-
bound at kinked-sitd’t atoms with a coordination nhumber perature range T(= 300-620 K) where chemisorbedCO
of 6. The ridge atoms of #%110)-(1x2) surface, for ex- could be detected, the resonance frequengy remained at
ample, which have a coordination number of 7 are predictedalues2095-2078 cnt?® (see Fig. 2a). Hence, the main dif-
to show a slightly higher singleton frequency2867 cntl.  ference between th€O adsorptioridesorption [10] and the
This value is in good agreement with the results of SFG studsresenCO oxidation data is the absence of the low-frequency
ies in which a value 0R065 cnt! was measured in the low CO contribution from defect sites in the latter case. This
coverage limit [6]. In [6], the SFG results obtained for theobservation could be explained by a higher sticking proba-
CO/P1(110) system were found to be in excellent agreementility of O, at the defect sites which block30 defect site
with results obtained using electron energy-loss spectroscoadsorption when botlCO and O, are present in the gas-
(EELS). phase. A preferential adsorption©f on step sites has been
observed in electron stimulated desorption ion angular dis-
tribution (ESDIAD) studies orP{3(111) x(100)] [14] and
during infrared reflection absorption spectroscopy (ERA
studies duringCO oxidation onP{4(111) x (100)] [15].

The temperature dependence of the width (FWHMTI™)
of the resonant contribution of the SFG spectra is depicted
in Fig. 2b. A deconvolution of the measured spectra with the
laser bandwidth was not performed. Equation (5) was directly
used together with (1) for the numerical simulation to ob-
tain the necessary parameters. The same method was used
in [6] to analyse SFG spectra @O terminally adsorbed on
a disorderedPi(111) surface where a value of 2= 10 cnt?!
was reported al = 300K for saturation coverage. In the
same study, a value offi2= 12 cnt! was determined fo€EO
SFG spectra measured @t(110) atT = 300 K. The corre-
spondingCO frequencies were found to 093 cnt?! for
disorderedPt(111) and2094 cnt? for Pt(110), respectively.
For bothP{111) andPt(110), an increase in the width was
observed with decreasing coverage. The maximum values ob-
served at low coverages wet& cnmt and14 cnt?, respec-
tively, with values 02076 cnt and2079 cnr? for the corre-
sponding frequencies [6]. In the pres@ oxidation studies
avalue of 7" = (124 1) cm ! was determined at room tem-
perature which increases to a value éf 2 (20+2) cm™! at
T =620 K where theCO coverage is the lowest. Hence the
line widths and frequencies measured in the pre€&hoxi-
dation studies on polycrystalliftare comparable with those
observed in room-temperatupg111) andPt(110) UHV sin-
gle crystalCO exposure experiments [6] as well as with those
measured in high-pressu@® adsorptioidesorption studies
on polycrystallinePt [10], in which a value of Z = (17+
1) cm~! was obtained af = 620 K.

Although a decrease of the resonant amplitégever-
sus substrate temperature as shown in Fig. 2c clearly indicates
that the equilibrium concentration of chemisorb@® de-
creases with increasing surface temperature, care has to be
taken in usingAr as a measure of theO surface coverage.
Prior to deducing — for a given adsorb#arface system —
relative CO coverages from SFG measurements, it is indis-
pensable to carry out calibration measurements using another
independent surface sensitive method [11].
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Fig. 3. aSFG spectra o€0 adsorbed on the polycrystalliri®t foil recorded

at different substrate temperatures a€@ pressure ofl0~8 mbar SFG . . .
intensity is plotted versus the frequency of the tunable IR laser. Experiln the present study we calibrated the SFG signals against
mental data points are represented dgsses the solid lines represent  TPD measurements. In these calibration measurements SFG
results of least-squares fits. Details of the fitting procedure are described @pectra ofCO adsorbed on the polycrystallirm foil were

the text.b TPD spectra ofCO obtained under molecular flow conditions . 0-4
recorded after the corresponding SFG measurements shoanDesorp- recorded in the temperature range= 30 80K ataCO

3 . . .
tion was started at different substrate temperatures at the G@npeessure ~ Pressure Ole mbar under adsorptlo/desorptlon equi-
of 108 mbar librium conditions (atT > 480K no SFG signal from

2.2 Calibration: SFG versus TPD measurements
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chemisorbedCO could be observed). SFG spectra (Fig. 3a)2.3 Application: in situ measurement 6O coverages
were recorded at fixed surface temperatures by tuning the IR during CO oxidation
laser over the frequency regidr®50-2150 cnt? in which
stretching vibrations of terminally adsorb&® can be ex-
cited. Under the present experimental conditions no bridgeFhe SFG spectra shown in Fig. 1 measured at a total pressure
boundCO [6] was observed on thBt foil in the frequency of 20 mbar (pco = 2 mbay po, =4 mbar par = 14 mbajy
region 1800-1900 cnt?. The surface coverage was derivedwere evaluated in order to determihg-c(wco) and hence
from the integrated area of the TPD spectra (Fig. 3b) meaghe relativeCO coverage as a function of substrate tempera-
ured after each SFG experiment and normalized to the valuere as depicted in Fig. 5. Comparison with {8& cover-
at the saturation coverage310 K. A set of SFG spectra are age measured durin@O adsorptioridesorption studies (see
shown in Fig. 3 together with the correspondiG® TPD  Fig. 4 of [10]) reveals that i, is present in the stagnation-
spectra which were obtained — in order to avoid isothermaflow the CO surface coverage dt = 300 Kis reduced. How-
desorption after pumping off the gas — under molecular flonever, simultaneous mass-spectrometric measurements of the
conditions at aCO pressure ofLl0-8 mbar[16]. Desorption CO, formation (see Fig. 5) revealed that the observed de-
was started at the same substrate temperatures at which SE@ase of th€O coverage al = 300 Kis not due to reaction
spectra were previously recorded. A numerical least squardmit is the result of the competitive adsorption betw€xn
fit procedure was used to determine the parameéigrsoco, andO,. Also the following slight decrease in ti@&0 surface
I', Anr and @ of (5). In this evaluation only a weak de- coverage with temperature in the rang@0 K < T < 500 K
pendence o;(,(fr){ on the substrate temperature was observeds due toCO desorption rather than reaction. After the onset
In Fig. 4, the values of the resonant amplitulg and the of reaction atT > 500 K, on the other hand, th€O cover-
maximum value of the resonant part of the SFG intensityage decreases rapidly with increasing substrate temperature.
Isra(wco), obtained from the corresponding parametggs At T> 620K no chemisorbedO could be detected, indi-
wco andr™, are plotted versus the relati@O coverage of the cating very low equilibriunCO surface concentrations in the
Ptfoil. As can be seen from the figurses(wco) is the spec-  temperature rangé = 640-700 K
troscopic quantity which correlates linearly witO surface Detailed CO oxidation experiments in whiclCO was
coverage. monitored via SFG up to atmospheric pressures were car-
In order to investigate the dependencel gfz(wco) on  ried out in the group of Somorjai [7]. However, while the
the CO pressure, additional SFG spectra were recorded ipresentCO oxidation studies were performed at a l&@D
the pressure rangeco = 10810 mbar All the SFG spec- partial pressure fico = 2 mbaj as typically present in the
tra could be well described by (5) and the correspondingxhaust gas of a Sl engine and on a more realBticata-
values derived forlsre(wco) showed no pressure depen- lyst surface, the€O oxidation studies of [7] were carried out
dence, indicating thatsre(wco) can be used as a measureat a much highe€O partial pressuref{co = 53-133 mbay
of the relative CO coverage in theCO pressure range of over aPt(111) single crystal. In the latter studies, structural
pco = 10-8-10mbar No spectral changes were observedchanges of theéP(111) surface induced by the high pres-
which could serve as an indication for the appearance afures ofCO were observed which gave rise to a variety of
new surface species, as has been found in high-pre€dire new CO surface species leading to “multi-resonance” SFG
SFG spectrafico > 13 mbaj recorded orPt(111) (see, for spectra. Under the Io&O partial pressure conditions of the
example, Fig. 1 of [17]). Such new surface species and the r¢present work such spectral features were not observed, sug-
sulting multiple resonance features in the SFG spectra wouldesting that no major reorganization of the polycrystalfte
require a more complex analytic expression for the simulation
of the spectra than that, (5), used in the present work.
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0.0 0.2 0.4 0.6 0.8 1.0 Fig.5. CO coverage filled squarey as a function of thePt substrate tem-
CO Coverage perature measured durin@O oxidation at a pressure @20 mbar (open

squaresindicate temperatures where equilibriu@O surface coverages
Fig. 4. Plot of the values of the resonant amplitudg and the maximum  were too low to be detectedCO, production ¢pen triangle} simultan-

value of the resonant part of the SFG intensitc(wco), derived from the  eously measured by mass-spectrometry in the exhaust gas. The measure-
SFG spectra depicted in Fig. 3a, versus the reld@i@surface coverage de- ments were carried out under laminar flow conditions in a stagnation point
termined from the corresponding TPD spectra of Fig. 3b. The valuégof flow (CO: 15 sccm Oz: 30 sccm Ar: 105 sccm onto thePt foil. The solid

and Ispe(wco) were normalized to unity at saturation coverage lines are just to guide the eye
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surface takes place up to temperatures witaeis almost 2.

completely converted int€O,.

3 Conclusions and outlook 3

In the present study it has been demonstrated that SFG ca#-

be applied for in situlCO coverage measurements during het-
erogeneou€O oxidation on a polycrystallin®t foil under

laminar stagnation point flow conditions at a total pressure .

of 20 mbar The results clearly show that SFG surface vibra-

tional spectroscopy, when combined with appropriate calibra- /-

tion measurements, is a promising experimental method for
bridging the “pressure gap” as well as the “materials gap”

which separate the UHV single-crystal model studies [18, 19] 8.

from technical catalytic investigations [20—22]. Further ex-

perimental studies are under way in which the method de- %

veloped in the present work will be applied to investigate the
influence of surface structure, mixture composition and pres-
sure on the ignition behaviour of ti0/ O, /Pt-system under
technically relevant conditions.
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