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Adsorption and Co-adsorption of Ethylene and Carbon Monoxide on
Silica-Supported Monodisperse Pt Nanoparticles: Volumetric
Adsorption and Infrared Spectroscopy Studies

Robert M. Riouxt James D. HoefelmeyérMichael Grass, Hyunjoon Sor¥g,
Krisztian NiesZ! Peidong Yang, and Gabor A. Somorjai*

Department of Chemistry, Usrsity of California, Berkeley and Lawrence Berkeley National Laboratory,
Materials and Chemical Sciencesd¥ions, Berkeley, California 94720

Receied August 30, 2007. In Final Form: September 30, 2007

The adsorption of carbon monoxide and ethylene, and their sequential adsorption, was studied over a series of
Pt/SBA-15 catalysts with monodisperse particle sizes ranging from 1.7 to 7.1 nm by diffuse-reflectance infrared
spectroscopy and chemisorption. Gas adsorption was dependent on the Pt particle size, temperature, and sequence
of gas exposure. Adsorption of CO at room temperature on Pt/SBA-15 gives rise to a spectroscopic feature assigned
to the C-0 stretch: »(CO) = 2075 cn1?! (1.9 nm); 2079 cm? (2.9 nm); 2082 cm! (3.6 nm); and 2090 cni (7.1
nm). The intensity of the signal decreased in a sigmoidal fashion with increasing temperature, thereby providing
semiquantitative surface coverage information. Adsorption of ethylene on Pt/SBA-15 gave rise to spectroscopic
features at~1340,~1420, and~1500 cnT?! assigned to ethylidyne, di-bonded ethylene, ang-bonded ethylene,
respectively. The ratio of these surface species is highly dependent on the Pt particle size. At room temperature, Pt
particles stabilize ethylidyne as well as a@l-and z-bonded ethylene; however, ethylidyne predominated on the
surfaces of larger particles. Ethylidyne was the only identifiable species at 403 K, with its formation being more facile
on larger particles. Co-adsorption experiments reveal that the composition of the surface layer is dependent on the
order of exposure to gases. Exposure ofldfcovered Pt surface to CO resulted inra50% decrease in chemisorbed
CO compared to a fresh Pt surface. THEO) appeared at 2050 crthon Pt/SBA-15 pretreated with,8, at room
temperature. The di-bonded andr-bonded species are the most susceptible to displacement from the surface by CO.
The formation of ethylidyne appeared to be less sensitive to the presence of adsorbed carbon monoxide, especially
on larger particles. Upon exposure oG to a CO-covered Pt surface, little irreversible uptake occurred due to nearly
100% site blocking. These results demonstrate that carbon monoxide competes directly with ethylene for surface sites,
which will have direct implications on the poisoning of the heterogeneously catalyzed conversion of hydrocarbons.

1. Introduction Nonuniform dynamic (spatially, energetically, and temporally)
Lateral interactions between surface species formed u|Oon@nteractions between adsorbates on sur.face_s h:_;lve a _tremenqlous
adsorption lead to kinetic phenomena, which may deviate from Impacton observed heterogeneous reaction kinetics by influencing
conventional theory, such as Langmeiinshelwood hetero- the stab|I|ty9ftranS|t|on states, modifying adsorptlon geometries,
geneous kineticd? Interactions between adsorbates can lead to and perturbing the adsorbatsurface bonding.The influence
well-ordered surface structures, to disordered structures, and toPf intermolecular interactions, within a homogeneous surface
surface adsorbate islandiA@hese phenomena can span length adlayer, on adsorption dynamics and kinetics has been studied
scales ranging from a few atomic diameters to mesosca|eextensive|y; hOWeVer, intermolecular interactions have been
dimensions$ Many of these phenomena originate or terminate Studied to a lesser extent within a heterogeneous surface adlayer
at defect sites; therefore, the role of surface roughness (nano{different reactants) even though they play a critical role in
particle size) on adsorbat@dsorbate interactions is important. heterogeneous catalysis at high pressures. Due to the large number
Conventional theories, such as the Langmuir isotherm, have beerof studies of the surface chemistry of CO and ethylene on Pt
modified to account for the nonuniformity of a real surface and single crystals, co-adsorption of CQM; on supported Pt
intermolecular interactions between adsorbates. The Temkinparticles is well-suited for investigatiénin this paper, the
isothernt deviates from the previous theory in that it accounts influence of Pt particle dimension, within a series of Pt/SBA-15
for reduced adsorption (linearly) as a function of coverage. materials, on the adsorption of carbon monoxide and ethylene
was investigated. The implication of particle size on the co-
A *kT(I) Whgm correspondence should be addressed. E-mail: somorjai@ adsorption of ethylene and carbon monoxide is extended to the
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2. Experimental Section calculated from dispersion measuremet{am)=1.13D, assuming
a Pt atom surface density of 1.27 10! m~2.1°

Co-adsorption experiments of CO angHz were conducted at
298 and 403 K on catalyst samples pretreated as previously described.
Adsorption experiments were sequential: CO adsorption followed
Ey C,H,4 adsorption and vice versa. After pretreatment, total and
reversible isotherms of one adsorbate with an imdrih evacuation
between isotherms were collected at either 298 or 403 K. After a
1 h evacuation following the reversible isotherm of the first adsorbate,
dualisotherms were measured for the second adsorbate. Experiments
at 298 and 403 K were conducted on the same samiB86@ mg):
the 298 K experiment followed by the 403 K experiment. Samples
were subjected to a 0.5 h oxidation in 50 T(NTP) O, min~1,
followed by a 0.5 h reduction in 50 iNTP) H, min~t at 573 K
before beginning the 403 K isotherm set.

2.3. Infrared Measurements of CO and GH4 Adsorption. The
adsorption of CO and £1, on various silica-supported Pt catalysts
was studied witlin situdiffuse-reflectance infrared Fourier transform
spectroscopy (DRIFTS), using a Nicolet Nexus 670 spectrometer
equipped with a Thermo Spectra-Tech controlled atmosphere diffuse
reflection cell. A Pt/SiQ catalyst (50 mg for amorphous SiD
~10 mg SBA-15 samples) was loaded in the diffuse-reflectance cell
and given a pretreatment identical to those used for chemisorption
Pt(X)/SBA-15 was calcined in a horizontal tube furnace at the speci- &1d catalytic studiésith a gas manifold equipped with mass flow
fied temperature and time in 100 &rnormal temperature and controllers (Porter Instruments Comp_any) connected to the diffuse-
pressure (NTP)) mirf of 20% OJ/He (UHP both gases, Praxair). 'eflectance cell. He (99'99%%' Praxair), 109ttt (996999% both
Calcined samples were stored in scintillation vials prior to use. Metal 92S€s, Praxain), CO (99.9%, Airgas), angH((99.9%, Praxair)
loadings were determined by inductively coupled plasma-optical \(Aieere Slgeni vgtsr?%u:ef:(;mﬁcr)np)ugfﬂttqui}lgrg.sIﬁysrlgg{?c:giztaslsgtc\t\grsn
sirlllwsszll_cl)\lr;.spectroscopy (ICP-OES) (Galbraith Laboratories, Knox gbtal\(ined aa:?oo Kt:’tndet_r 30 ‘fr@\l‘_TP} H‘te mirrfl amljl used las t_heth

A 3.2% PY/SIQ catalyst prepared by ion exchange of Pt ackground for subtraction of silica features for all samples in the
(OH)p*xH,O%and an ult);ah?gh%urity (JHP) Pt powdger(AIfa (i)giar, _ﬁ)_Lesence land abshence of gaz—phas;@COT%nd/ or elthylene atf300 K.
1 um particle size) were used as standard samples for both 10;3/ sgrg;)He Wasltosn expﬁsef tosg  ORi 3)Org'2— fm|l|XturedOb
chemisorption and infrared spectroscopy measurements. The ul---”° e or 6 gHy/He for min at , followed by

trahigh purity Pt powder was cleaned by heating at 473 K for 0.5 purging in 30 ¢ (NTP) He mirrl at 300 K. Gas-phase spectra of
hin 2%%pQ/Hye to r%move any surface contyaminantg']s before reduction. CO and ethylene were taken in the DRIFTS cell using a Au mirror.
A 2% Pt/ALO;z; (Exxon Research and Engineering) sample was
included to determine if the support influenced co-adsorption 3. Results

behavior. A thoroughly characterized 6.3% PtS{@UROPT-1) 3.1. Catalyst Characterization. Metal particle sizes were
catalyst with ti;_elft particle size distribution centered at 1.8 Nnmwas yatermined by transmission electron microscopy (TEM), X-ray
also included: diffraction (XRD), and selective gas adsorption. Table 1 is a

2.2_. VoIl_Jmetnc Gas Adsorption Measurements.SeIectl\_/e compilation of the adsorption uptakes of €O, and Qas well
chemisorption measurements were conducted to determine the

dispersion of each sample. An automated volumetric physisorption/ a_s the tltratlor_] of Qiby H, (Pt_s-O +3/2H; — PieH + H,0) 20 .
chemisorption analyzer (Quantachrome Autosorb-1) witfsitu Line-broadening XRD techniques used to calculate Pt particle
pretreatment capabilities was used. All catalysts were activated in Sizes from the full width at half-maximum (fwhm) of the Pt(111)
50 cn® (NTP) He mint at 473 K for 1 h, followed by reduction ~ Bragg reflection are in good agreement with chemisorption
in50 cn? (NTP) H, min~tat 673 K for 75 min. Priorto chemisorption ~ measurements. The particle size determined by chemisorption
measurements, catalyst samples were evacuatédhfat 623 K and is always larger than TEM or XRD particle sizes; we believe this
_COCt’LEd to room telrpp?rzturet#nder VaCUUfEEK%O, a)“if';i—tohz is due to residual PVP on the surface of the particles.
ISotherms were collected on the same samplal mg). After the Assuming the number of surface atoms, dunted by H—
E'gﬁhrfgdu; Ct'eo(;' Wﬁ?ﬁ?%séz(%?g)hfﬁﬁﬁg f00||r< 0"2);:“ :des(t)c; ?Z) 3n O titration is the most accurate measurement of dispersion, the
S P tio CQ./Pt was calculated. Previous experimehthave

uptakes extrapolated to zero pressure (monolayer uptake) were uself ) = .
to calculate metal dispersio). Spherical particle sizes were €sStablished CQ/Pt = 0.68 on Pt(111). The adsorption of CO
to step edges and kink sites of high-index single crystals leads

(7) Rioux, R. M.; Komor, R.; Song, H.; Hoefelmeyer, J. D.; Grass, M.; Niesz, (O a_C_O/Pt I‘QtiO Of unity. NanocrySt_als larger thar_‘ 4 nm tend to
K. Yazngé P.;OSoOmorjai, G. AJ. Catal.[Online early access]. DOI: 10.1016/  exhibit faceting with surfaces terminated by low-index surface
j.J.cat.2007.10.1015.

(8) Rioux, R. M.; Song, H.; Hoefelmeyer, J. D.; Yang, P.; Somorjai, GJ.A. planes, whereas, below 4 nm’ surfaces become rothen_ed' The
Phys. Chem. R005 109, 2192. larger nanocrystals should yield G@Pt values near 0.68, with
" (5\3() SongF; HD-: Rsiouxy R*Mé H:JefeAlmexéth- DS-: Pé%rggfig*é: Qé%sf K;Grass, this value increasing as particle size decreases (or as lattice

.; Yang, P. D.; Somorjai, G. AJ. Am. Chem. So . . . . .

(10) Zhao, D. Y.; Feng, J. L.; Huo, Q. S.; Melosh, N.; Frederickson, G. H.; regma”ty decreases)' The PUS@d PY/SBA-15 mater!als yleld
Chmelka, B. F.; Stucky, G. DSciencel998 279, 548. COy/Pts values of 0.610.94, with a trend of decreasing GO

205024 Sy M Han Y -3 Chmelka, B. F.; Stucky, G. Ohem. Commun. — pt with increasing particle size. The data are consistent with the

(12) Singh, U. K.; Vannice, M. AJ. Catal.200Q 191, 165.

2.1. Catalyst Synthesis and CharacterizationA series 0F~3%
Pt(X)/SBA-15 X = 1.7, 2.9, 3.6, and 7.1 nm) catalysts were used
in these experiments. A detailed description of their synthesis and
characterization can be found elsewh&tdriefly, nearly mono-
disperse Pt nanoparticles between 1.7 and 7.1 nm were synthesize
in the presence of a surface templating polymer, poly(vinylpyr-
rolidone) (PVP), by a modified alcohol reduction method. Number-
average particle sizes with standard deviations after counti
particles were 1.73 0.26 (1.7), 2.80t 0.21 (2.9), 3.3%+ 0.26
(3.6), and 7.16£ 0.37 (7.1) nm by TEM (line-broadening XRD
analysis), indicating high uniformity and monodispersity of each
particle less thaw ~ 8%8 After synthesis and purification of the
nanopatrticles, they were encapsulated in mesoporous silica (SBA-
15) by direct participation in the hydrothermal reaction. Synthesis
of SBA-15° was conducted at neutral pH using NaF as a catalyst
for hydrolysis of the silica precursor, tetramethyl orthosilicate
(TMOS) ! The mechanism of nanoparticle encapsulation has been
previously discussetlEx situcalcination in Q at 623 or 723 K for
24—36 h (sample dependent) was used to remove PVP from the
particle surface; 1.7 nm particles are calcined at 623 K for 24 h to
prevent particle sintering, while 36 h at 723 K is required for the
catalyst containing 7.1 nm particles. Typically, 3000 mg of

(13) Bond, G. C.; Wells, P. BAppl. Catal.1985 18, 221. (19) Anderson, J. RStructure of Metallic CatalysfsAcademic Press: New
(14) Bond, G. C.; Wells, P. BAppl. Catal.1985 18, 225. York, 1975.

(15) Frennet, A.; Wells, P. BAppl. Catal.1985 18, 243. (20) Benson, J. E.; Boudart, M. Catal. 1965 4, 704.

(16) Geus, J. W.; Wells, P. BAppl. Catal.1985 18, 231. (21) Vestergaard, E. K.; Thostrup, P.; An, T.; Leegsgaard, E.; Stensgaard, |.;
(17) Wells, P. B.Appl. Catal.1985 18, 259. Hammer, B.; Besenbacher, Phys. Re. Lett. 2002 88, 259601.

(18) Gnutzmann, V.; Vogel, WJ. Phys. Chem199Q 94, 4991. (22) Hardeveld, R. V.; Hartog, FSurf. Sci.1969 15, 189.
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Table 1. Adsorption Uptake and Particle Size Determined by Chemisorption, TEM, and XRD Techniques

probe gas uptakégumol g'1)

particle sized (nm)

H, CO (0 H2-0O; dispersionD chemisorptiof

catalyst®? total total irrev irrev total H-O total H> H>-0O, XRDe®
3.2% PY/SIiG-IE 133.1 166.7 152.2 24.2 262.0 1 1 1
6.3% Pt/SiQ (EUROPT-1) 151.2 182.0 175.0 94.6 334.0 0.69 1.2 1.6 18
2% Pt/ALOs-Exxon 43.5 80.6 70.1 17.4 66.1 0.43 1.3 2.6 3.4
2.33% Pt(1.7 nm)/SBA-15 29.8 66.1 59.6 21.9 94.9 0.53 2.3 21 1.7
2.69% Pt(2.9 nm)/SBA-15 21.0 39.5 34.9 15.4 76.2 0.37 3.7 31 2.9
2.62% Pt(3.6 nm)/SBA-15 16.6 32.8 30.7 12.9 51.9 0.26 4.6 4.4 3.7
2.86% Pt(7.1 nm)/SBA-15 9.4 14.7 11.7 12.2 28.4 0.13 8.8 8.7 7.3
UHP Pt powder 16.7 15.1 13.7 8.6 30.3 0.004 173.5 286.5 >100

a Actual metal loading determined by ICP-OESNumber average particle size for SBA-15 materials. Determined by counting a minimum of
200 free-standing particlesConducted at 298 Kd Determined by 1.13/(FPt). ¢ Based on the ScherreDebye equation after subtracting the

SBA-15 baselinef Taken from ref 18.

Absorbance (Kubelka-Munk)

2025 2050 2075 2100 2126

wavenumber (cm‘1)

Figure 1. Diffuse-reflectance infrared spectra of CO adsorbed at
298 K on PtX)/SBA-15: (A) SBA-15 support, (BX = 1.7 nm
particles, (C)X = 2.9 nm particles, (DX = 3.6 nm particles, (E)
X=7.1nm particles, (F) 3.2% Pt/SiXG) 6.3% Pt/SIQ(EUROPT-

1), and (H) 2% Pt/AIOs.

1950 1975 2000 2150

was similar. Comparison of irreversible uptakes at the two
temperatures demonstrated that chemisorption decreasee-by 20
35% on the Pt/Si@catalysts, 20% on Pt powder, and0% on

the Pt/ALO; catalyst at the higher temperature.

The IR spectroscopy of CO adsorbed to solid surfaces is a
qualitative probe of surface structure due to the sensitivity of
(CO) to the structure of the metal atom(s) to which it is
coordinated?® Diffuse-reflectance infrared spectra (1968100
cm™Y) of CO adsorbed on the series of SBA-15 supported Pt
catalysts are shown in Figure® Spectra B-E are CO adsorbed
to Pt on a series of Pt/SBA-15 samples at room temperature after
subtraction of the COSBA-15 interaction. Linear-bound CO
was the only surface CO species identified on all sampigs;
anduz modes of CO were not detected. Spectratdemonstrate
that linear-bound CO was the only adsorbed species on the
atomically dispersed 3.2% Pt/SiQvhile the CO peak position
on the alumina support was red-shifted by 10-émompared
to a Pt/SiQ catalyst with a similar particle size. The influence
of temperature on the band position of linearly adsorbed CO for
the 2.69% Pt(2.9 nm)/SBA-15 catalyst is shown in Figure 2A
and B. If it is assumed that the intensity of the IR band is
proportional to the amount of CO species on the surface and the
IR extinction coefficient is independent of the adsorption
temperature, then the relative coverage is obtained by the ratio
of the IR band intensity at a temperature to the band intensity
for CO adsorption after exposure to 76 Torr CO at room

higher proportion of corner and edge sites found on smaller temperaturé®2’ Using this approach, the relative coverage of

crystallites??

CO at403 Kis estimated to be0.7 (Figure 2C), and only above

Carbon monoxide adsorbs on SBA-15 at room temperature ~380 K does the coverage of CO begin to decrease.

and desorbs slowly under vacuum or He purge. Peak2803

and 2028 cm! are associated with CO adsorbed to SBA-15
(Figure 1A). Both peaks lose significant intensity upon heating,
and at a temperature 6f353 K, both bands disappear. These

The volumetric adsorption of ethylene on supported Pt catalysts
has been studied to a lesser ext€mt adsorption temperatures
of 298 and 403 K, in the absence of,Hnost of the adsorbed
ethylene is assumed to convert to ethylidyne. The strong

peaks are significantly red-shifted relative to CO hydrogen-bonded intermolecular repulsion between ethylidyne limits the coverage

to silanol groups at low temperatures (2158 and 2140%or
gas-phase CO (2143 cr).2® No reports of CO stretching

on Pt surfaces to 0.25 M#.Total uptakes are greater at 403 K
than at 298 K for all samples (except for P#@%). The increased

frequencies reduced by this amount on silica could be found in total adsorption is split between irreversible and reversible

the literature. Adsorption of CO on ultrapure SBA24produced

adsorption for most catalysts. TheHG/Pt; adsorption stoichi-

the same bands, and therefore, the adsorption of CO is notometries are alk1 and increase with temperature. The ratio

attributed to transition metal contamination.

3.2. Volumetric Adsorption and IR Spectroscopy of CO
and C;H,4 Adsorption on Clean Pt/SBA-15.The volumetric
adsorption uptakes for CO andi on clean Pt surfaces are
compiled in Table 2. Both total and irreversible CO uptakes

decreased at 403 K, while the amount of reversibly adsorbed CO

(23) Beebe, T. P.; Gelin, P.; Yates, J.Surf. Sci.1984 148 526.
(24) Ultrapure SBA-15 was synthesized according to the literdfuset the

reagents used were 99.999% TEOS, 20% doubly-distilled HCI, and ultrapure

H-0.

Pt/C,H4 (Table 3) is an indication of the number of sites required
to convert adsorbed M, to ethylidyne, and it is both particle
size and temperature-dependent. Adsorption and decomposition
of ethylene at 298 K requires—2 atoms with the number of

(25) Hofmann, F. M.Surf. Sci. Rep1983 3, 107.

(26) Bourane, A.; Dulaurent, O.; Bianchi, D. Catal.200Q 196, 115.

(27) Bourane, A.; Dulaurent, O.; Chandes, K.; Bianchi,Appl. Catal. A:
Gen.2001 214, 193.

(28) Passos, F. B.; Schmal, M.; Vannice, M. A.Catal. 1996 160, 118.

(29) Starke, U.; Barbieri, A.; Materer, N.; Hove, M. A. V.; Somorjai, G. A.
Surf. Sci.1993 286, 1.
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Table 2. Sequential Co-adsorption Uptakes of Carbon Monoxide and Ethylene on Supported Pt Catalysts at 298 and 403 K

CO uptake on clean Pt surfée CzH, uptake on clean Pt surfade
CO at 298 K CO at 403 K ¢, at 298 K CH,at 403 K¢
catalyst total irrev total irrev total irrev total irrev
2% Pt/ALO; (Exxon) 80.6 70.1 44.6 34.5 30.5 16.0 29.2 24.6
3.2% PY/SIiG-IE 166.7 152.2 138.5 110.3 57.0 51.0 74.1 67.0
2.33% Pt(1.7 nm)/SBA-15 66.1 59.6 52.4 46.5 25.5 22.9 40.1 29.4
2.69% Pt(2.9 nm)/SBA-15 39.5 34.9 32.6 26.1 14.4 11.9 22.5 16.4
2.62% Pt(3.6 nm)/SBA-15 32.8 30.7 27.6 19.8 131 10.1 17.6 12.9
2.86% Pt(7.1 nm)/SBA-15 147 11.7 9.5 7.9 6.9 4.9 7.5 5.6
UHP Pt powder 15.1 13.7 12.9 10.2 3.6 2.9 5.0 4.2
CO uptake on an ethylene-covered Pt surfface C;H,4 uptake on “CO-covered” surfate
CO at298 K CO at403 K ¢, at 298 K GH,at 403 K
catalyst total irrev total irrev total irrev total irrev
2% Pt/ALO3 (Exxon) 17.2 12.1 32.6 221 18.7 0.4 12.4 55
3.2% Pt/SIG-IE 78.9 72.4 98.5 67.5 438 0.0 16.5 34
2.33% Pt(1.7 nm)/SBA-15 32.8 29.5 39.3 29.2 1.9 0.1 9.2 1.7
2.69% Pt(2.9 nm)/SBA-15 17.4 13.2 21.5 14.1 1.6 0.2 5.0 1.1
2.62% Pt(3.6 nm)/SBA-15 14.1 11.4 19.1 10.9 1.1 0.0 3.7 0.6
2.86% Pt(7.1 nm)/SBA-15 51 3.1 7.8 2.4 0.5 0.0 1.7 0.3
UHP Pt powder 8.5 7.9 7.2 4.8 0.2 0.07 14 0.4

a Uptakes extrapolated to zero pressure (monolayer uptakigtakes inumol gL
p p p yer up nu g
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Figure 2. (A) Temperature dependence of linear-bound CO position for 2.69% Pt(2.9 nm)/SBA-15. (B) Peak position of linear-bound CO

as a function of temperature. (C) Temperature dependence of CO coverage on the 2.69% Pt(2.9 nm)/SBA-15 catalyst. The integrated intensity
of the CO band was used to calculate the relative coverage. The solid line represents a fit of the Temkin adsorption model assuming heats
of adsorption of 40 kcal mot (6o = 0, initial) and 30 kcal moi® (6co = 1, saturation).

atoms increasing with particle size. The required number of sites concentration of ethylene-derived intermedi&tés and the
decreases t0-25 at 403 K. Both sets of numbers are in good influence of particle size on£i, adsorption and decomposition.
agreement with work on Pt(111), which suggested that an Figure 3 shows DRIFTS spectra ofld; adsorbed on different
ensemble size of four atoms is necessary for ethylene adsorp-Pt catalysts at 298 K. No stable IR-active surface species were
tion.30 identified on pure SBA-15 silica upon exposure tgHG. The
Infrared studies of gH, adsorption on supported Pt catalysts adsorption of ethylene to Pt/SBA-15 gave rise to spectroscopic
have been performed in an attempt to determine the type and

(31) Mohsin, S. B.; Trenary, M.; Robota, HJ1.Phys. Cheni988 92, 5229.
(30) Windham, R. G.; Koel, B. E.; Paffett, M. Tangmuir1988 4, 1113. (32) Mohsin, S. B.; Trenary, M.; Robota, HGhem. Phys. Lett989 154, 511.
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Table 3. Surface Pt (Pt)/C,H4 Stoichiometry Determined for a cmt, attributed tos-bonded ethylene, has lost significant
Clean Pt Surface Based on Volumetric Adsorption Uptakes at intensity, and the amount of di-bonded ethylene has also
298 and 403 K decreased. A band at 2050 chior adsorbed carbon monoxide
Pt/C;H, stoichiometry appears in the spectrum, which is red-shifted compared to that
catalyst 208 K 403 K of CO adsorbed to a clean Pt surface (see Figure 1C). Upon
heating to 403 K under a He purge, the ethylidyn ndis slightl
2% PYALO; (Exxon) 2.8 1.8 e;t gdtc_> .0‘:’ “.tde % eﬁ”ﬁﬁ’hfeigﬁgﬁé e band Z(s: gntly
3.206 PUSIG-IE 3.2 24 reduced in intensity and red-shifted to riFigure 5C). .
2.33% Pt(1.7 nm)/SBA-15 2.8 2.2 Minimal changes occur in the vibrational spectrum upon heating
2.69% Pt(2.9 nm)/SBA-15 4.3 3.1 (compare 5B and C); exhibiting behavior consistent withi{
g-gégﬁo E:g-? nmgggﬁ-ig gg %Z on Pt. Additional heating to 500 K led to a decrease in the
. () A nm - . . H i i HY
UHP Pt powder 71 49 ethylidyne and CO vibrational bands due to decomposition and

desorption, respectively.
a Surface platinum based on totabHO, titration at 298 K.

4. Discussion
features at~1340, ~1420, and~1500 cnt! assigned to
ethylidyne (methyl symmetric deformatiords(CHs)), di-o-
bonded ethylene (methylene symmetric deformatia(H,)),
and-bonded ethyleney(C=C) andd(CH,) normal modes),
respectively?® The ratio of these surface species is highly
dependent on the Pt particle size. According to DRIFTS data
samples with Pt particles af2 nm exposed to £, have a ratio
of ethylidynefr-bonded ethylene/di-bonded ethylene of-1:

1:1. The IR spectra of samples with Pt particles larger than 2 nm
were dominated by ethylidyne. The moderately weakiIstretch  qonation is related to the availability of electron density on the
in ethylidyne has been identified at 1126 chon Pt(111), but ~ eta) and the energy match between the surface d-band of the
it is not detectable on SBA-15 catalysts due o strong2SiO  etq) with the 2* orbitals on CO. Using a plane-wave basis to
absorption bands in this region. Upon the introduction of 5 Torr \,,q4el the valence electrons on Pt surfaces, Hammer et al.
Ha to the evacuated DRIFTS cell at room temperature, all cgicyjated the density of states at selected adsorption sites. A
ethylene-derived surface species were removed from the surfacegjgificant shift of the d-band center is apparent upon comparison
Ethylidyne was the only observed spectral feature upon adsorption, pt surface sitese(= d-band centerEr = Fermi level): Pt-

of C;H4 at 403 K (infrared spectrum not shown). It is postulated (100),¢ — Er = —3.0 eV; Pt(111)¢ — Er = —2.8 eV Pt(211)

that, on a clean Pt surface at 403 #bonded ethylene has step.e — Er = —2.4 eV; Pt(11 8 5) kinke — Er = —2.0 eV

desorbed or converted to dmpndeds ethylene, which is g calculated dataindicate better availability of the metal electron
subsequently converted to ethylidyHe: density on rough surfaces, since the energy match withCD

3.3. Volumetric Adsorption and IR Spectroscopy of CO grhitals improves as the d-band center shifts toward the Fermi
and C2H4 Sequential Co-adsorption on Clean PUSBA-15lhe level. The theoretical predictions are pertinent to complex 3D
data from sequential uptakes oftfy and CO onthe PUSBA-15  catalysts, such as Pt/SiGince stepped single-crystal surfaces
catalysts and Pt powder are compiled in Table 2. Examples of can serve as models for small catalyst partiéfé8Crystallites
sequential CO and 4 adsorption isotherms at 298 and 403K nossess face, edge, and corner sites that exist on the surface in
are given in Figure 4. Chemisorption of CO on an ethylene- 5 specific ratio, dependent on the diameter of the pafifchd.
covered surface results in a substantial decrease of the amounyy,,, coverage, CO selectively adsorbs on the edges and kinked
o_f_CO adsorbe(_j/Pt(s) r_:ompared to a clean Pt surface. On Pt/edges of Pt(533) and Pt(432) single crystals, giving ris¢@®)
silica catalysts, irreversible CO uptakes decrease€/426 and = 2065 cnt! (no difference withint2 cntl). At saturation

37-70% at 298 and 403 K, respectively, upon adsorption onto ¢oyerage, CO binds in the linear-bound mode to the (111) terraces
a GHs-covered surface. The amount of reversibly adsorbed CO ¢ Pt(533), and/(CO) = 2097 cn7.38
on the ethylidyne-covered surface was similar at both temper- 4 5 |nfluence of Temperature on CO Adsorption The peak
atures. Reversing the adsorption sequence, it is evident that Coposition of the linear-bound CO in the temperature range-298
is much more effective at excludinglg, from the surface. At 523 K is shown in Figure 2B. In the present stud¢CO) red-
298 and 403 K, irreversible £, adsorption on a CO-covered  ghifts with increasing temperature; typical values\o{CO) =
surface is effectively quenched (|lrreverS|bIQI—G uptakes 8—9 cnr L. The change in(CO) with increasing temperature is
decreased-98% and>90%, respectively). small compared to changes in frequency due to coverage effects
The vibrational spectrum of a 2.69% Pt(2.9 nm)/SBA-15 and increased dipotedipole coupling®4! The temperature
catalyst exposed to8l4 after removal of gas-phaselds by He dependence of(CO) could be a result of the dependence of
purge at 298 K is shown in Figure 5A. The observed vibrational 'V(CO) on coverage effectsl since desorption of CO occurs at
bands are assigned tobonded ethylene (1499 cr), di-o- elevated temperatures. The CO moleculeissectron acceptor
bonded ethylene (1421 cr¥), and ethylidyne (1345 cri) and when the molecule binds to electron-rich metals. Given that fewer
are in agreement with spectroscopic data obtained upon ethylenezo molecules reside on the metal surface at higher temperature,
adsorption on a clean Pt surfatelThe vibrational features of
ethylene-derived adsorbates after CO exposure to an ethylene- (36) Blyholder, G.J. Phys. Cheml964 68, 2772.

i i (37) Hammer, B.; Nielsen, O. H.; Ngrskov, J. Ratal. Lett.1997, 46, 31.
covered surface are shown in Flgure 5B. The bandE600 (38) Greenler, R. G.; Burch, K. D.; Kretzschmar, K.; Klauser, R.; Bradshaw,

A. M.; Hayden, B. E.Surf. Sci.1985 152, 338.

4.1. Infrared Spectroscopy of Carbon Monoxide Adsorption
on Clean Pt Surfaces.Carbon monoxide is an ideal probe of
heterogeneous adsorption kinetics and dynamics because of its
sensitivity to the local environment, both the underlying metal
structure and neighboring adsorbate¥he bonding of CO to
' the metal surface occurs through donation of electron density in
the 5 orbital of CO to unoccupied metal orbitals and back-
donation of electron density from the filled surface d-band of the
metal to unoccupieds2 orbitals on CO3¢ The degree of back-

(33) Spiewak, B. E.; Cortright, R. D.; Dumesic, J.ACatal.1998 176, 405. (39) Hayden, B. E.; Kretzschmar, K.; Bradshaw, A. M.; Greenler, RS@f.
(34) Erley, W.; Li, Y.; Land, D. P.; Hemminger, J. Gurf. Sci.1994 301, Sci. 1985 149 394.

177. (40) Eischens, R. P.; Francis, S. A.Phys. Chem1956 60, 194.
(35) Land, T. A.; Michely, T.; Behm, R. J.; Hemminger, J. C.; Comsal.G. (41) Klunker, C.; Balden, M.; Lehwald, S.; Daum, \8urf. Sci.1996 360,

Chem. Phys1992 97, 6774. 104.
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Figure 3. Diffuse-reflectance infrared spectra ofif; adsorbed at 300 K on B{J/SBA-15: (A) 1.7 nm, (B) 2.9 nm, (C) 3.6 nm, and (D)
7.1 nm particles.

there is less competition for the same available electron density (STM),2147 and a AHags value of 10 kcal moil has been
on the metal surface, which inturn results in better back-donation determined by laser induced thermal desorption (LIfB)these
to the ligand. It should be noted, however, that a red-shifted peak conditions.
(CO—Pt(step)»(CO) = 2065 cntl) does not appear at higher 4.3. Influence of Pt Particle Size on CO AdsorptionThe
temperaturé®thus, the data appear to indicate high CO coverage heat of adsorption of CO is dependent on the supported Pt
on Pt at 523 K. To reconcile the fact that edge site CO was not crystallite size, with smaller particles showing slightly higher
observed while the absorption intensity of the CO stretch decreasesieats of adsorptioff. The reported heats of adsorption from
at hightemperature, we propose that CO dissociates on the surfacéemperature-programmed desorption (TPD) studies of CO at low
to form carbonaceous deposits on the step edge“gités. coverages were dependent upon Pt surface structure and varied
The relative CO coverage could be quantified (assuming that from 28 kcal mot* for the Pt(110)-(2x 1) surface to 34 kcal
the surface was saturated under room-temperature conditionsynol™* for the Pt(210) surfac# The heats of adsorption from the
according to the integrated peak areas from the temperaturethree most stable surfaces of Pt (i.e., (100), (111), and (110))
dependent IR data. The outcome of this calculation is shown in were 27-29 kcal mol 2.6 This suggests that the heat of adsorption
Figure 2C. The solid line fit to the data is a Temkin adsorption does notvary significantly as a function of surface structure but
model assuming an initial heat of adsorptihl,g{6 = 0) of does demonstrate that CO should bind to defect sites before
40 kcal mot ! andAH,gsat saturation of 30 kcal mot. Previous terrace atoms. In fact, it has been shown that CO molecules
work on close-packed Pt single-crystal surfaces have shown thatddsorb at step edges first to form a 1D chain, and only after the
CO adsorption isotherms can be described by the Temkin mbdel. Step is saturated will CO molecules adsorb to terrace sites
As discussed below, th&Hagsvalues are on the higher end of ~ beginning with those adjacent to the step etfgenis adsorption
the experimentally reported values, but they adequately fit the S€quence (step then terrace atoms) was shown to be dominant
data and demonstrate that CO desorption from a 2.9 nm particleOn Pt(211}*butnoton Pt(311)?suggesting that the C&surface
surface does not begin untii380 K. As the coverage increases, interaction is not dictated by thermodynamics alone.
intermolecular interactions become repulsive and the heat of DRIFTSdatafor PUSBA-15 samples exposed to CO are shown
adsorption decreases in a linear fashion according to the Temkinin Figure 6. Within a size range of 9.1 nm,»(CO) shifts 15
model. An initial differential heat of adsorption of CO at 403 K ¢m™*, exhibiting a continuous red-shift as particle size decreases.
has been measured on a 0.85% Ptj&ifdalyst as 33 kcal mot, Kappers and van der Ma&$ound a linear correlation between
which decreases to 9.5 kcal mélat saturation coveradgé:6 the Ptcoordination number an(CO) for a series of Pt supported
CO saturates the Pt particle surface at a coverage of 0.68 ML catalysts with varying particle sizes. Cant and Donal&seave
on Pt(111) as determined by scanning tunneling microscopy

(47) Longwitz, S. R.; Schnadt, J.; Vestergaard, E. K.; Vang, R. T.; Leegsgaard,
E.; Stensgaard, |.; Brune, H.; Besenbached, Phys. Chem. B0O04 108 14497.

(42) Kung, K. Y.; Chen, P.; Wei, F.; Shen, Y. R.; Somorjai, G.Surf. Sci. (48) Seebauer, E. G.; Kong, A. C. F.; Schmidt, L Suurf. Sci1986 176, 134.
200Q 463 L627. (49) Rogozik, J.; Dose, VSurf, Sci.1986 176, L847.

(43) McCrea, K.; Parker, J. S.; Chen, P.; Somorjai, GSif. Sci2001, 494, (50) Lambert, D. K.Phys. Re. Lett. 1983 50, 2106.
238. (51) Brown, W. A,; Kose, R.; King, D. ASurf. Sci.1999 440, 271.

(44) McCabe, R. W.; Schmidt, L. Dsurf. Sci.1977, 66, 101. (52) Kose, R.; King, D. AChem. Phys. Lett1999 313 1.

(45) Sen, B.; Vannice, M. AJ. Catal. 1991, 130, 9. (53) Kappers, M. J.; van der Maas, J. Elatal. Lett.1991, 10, 365.

(46) Vannice, M. A.; Hasselbring, L. C.; Sen, B. Catal. 1986 97, 66. (54) Cant, N. W.; Donaldson, R. Al. Catal.1982 78, 461.
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Figure 5. Diffuse-reflectance infrared spectra of (A) adsorbgH$C
on a clean Pt surface after He purging, (B) a Pt surface after
introduction of 76 Torr CO to an ethylene-covered surface and He
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= purge at 298 K, and (C) a Pt surface with co-adsorbed CO aHg C
3 /:‘ after He purge at 403 K. All adsorption experiments were conducted
o0 /° . on a 2.69% Pt(2.9 nm)/SBA-15 catalyst.
(@) )
o ./ ./ 1 (210) (110) (100) (111) Ptsurface
> e kink step terrace terrace site type
g % o o 2120 e
s / g
g o 1
3 pd ~ 2100 | i
o} 10 - 'E
(3] A Pt(7.1 nm) ]
I: ] S Pt(3.6 nm) ] A
o 2 2080 | ! g
0 P R EP T T >4 :
0 20 40 60 80 100 120 140 160 x : |
[0
Q. | |
C_H, pressure (Torr) o %0 | | |
Figure 4. Sequential CO andfEl, adsorption experiments on 2.69% Lé_ ! !
Pt(2.9 nm)/SBA-15: (A) CO adsorption on alf;-covered surface e : :
at 298 and 403 K and (B) 41, adsorption on a CO-covered surface < 2040 \ \
at 298 and 403 K. i | | ]
| |
shown a minor influence of particle size on the position of the | 1
linear-bound CO vibration for two Pt/Sp@atalysts with particle 2020 L . . ', S .
sizes determined by chemisorption of 1.8 and 18 nm; the band 6 7 " s ' 9
position for the 1.8 nm was red-shifted by 6 chnelative to the coordination number
18 nm Pt particle silica catalyst (2078 ch. Bischoff and co-  Figure 6. Influence of Pt coordination number on the peak position

workers®have studied the effect of particle size on CO adsorption of the linear-bound CO for the Pt/SBA-15 catalyst series. Fitting the
for Pt dispersed within a neutralized faujasite zeolite; a clear datafromthe Pt/SBA-15 series to a previously proposed relatidtiship
particle size dependent shift of the linear-bound CO stretching between the peak position of the linear-bound CO and the Pt
vibration was observed due to the narrow Pt particle size coordination number, the average coordination number—8,7

L - . indicating adsorption on defect and terrace sites. Triangles are
distribution. Atroom temperature, the linear-bound CO stretching singletor?co frezuencies as a function of Pt atom coordir?&?ion.

ffquency was~2050 cnt* for 1—2 nm particles and-2100 The Pt surface structure and site type are given as an example of
cm*for 4—5 nm particles. Clearly, work on single cryst&is° an entity with the corresponding coordination number.
and supported cataly8t$°suggests that the position of the linear-
bound CO vibration red-shifts with increasing surface roughness gn(g decreasing particle size. The stretching frequency of a single
=5 Bischoff H. 3 N1 Sehulz-EKloff. @ Phve. Ch o CO molecule (singleton) on afgtluster determined by density
1050 yen 500y i Jaeger N. 1 Schulz-Eidoff, @. Phys. Chem. (Leipzig) functional theory (DFT) calculations is 2050 chf” while a
(56) Mukeriji, R. J.; Bolina, A. S.; Brown, W. ASurf. Sci.2003 527, 198. single CO stretching vibrational frequency of 2020 émwas
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Scheme 1. Ethylene-Derived Surface Species on Pt: (A)
m-Bonded Ethylene; (B) Dio-bonded Ethylene; (C)
Ethylidyne; and (D) Ethan-1-yl-2-ylidyne
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introduced thero parameter, which is a measure of the degree
of & to di-o character. It has been shown on Pt(111) that di-
o-bonded ethylene is favored and has@parameter of 0.92,
while for Pd(100) the same parameter has a value of 0.37, favoring
z-bonded ethylen®’ The div ethylene dehydrogenates to form
an intermediate witltC; symmetry. The intermediate was first
proposed to be ethylideffebut later shown to be ethylidyne,
which binds with its CC axis perpendicular to the surface. LEED
studies have shown that ethylidyne adsorbs in face-centered cubic
(fcc) 3-fold hollow sites on a Pt(111) surf&fand is stable up

to 430-450 K. Above these temperatures, ethylidyne decomposes

frequencies for linear-bound CO have been reported at 2000either to CH fragments or to adsorbed carbon and hydrogen

cmtfor Pt(CO)-type surface speci€gand frequencies as low
as 1990 cm! have been reported for CO molecules adsorbed on

step sites of 68 Pt atom clusters inside zeolite L chanrféls.

atoms and forms carbon particles of up+80—40 atoms®®

Most low- and high-pressure surface science studies have been
performed on Pt(111), but the surface chemistry of ethylene has

The molecular orbital picture of CO bonding to transition been studied on other Ptsingle crystals. Notably, characterization

metal surfaces was proposed by Blyhoffeand has been
confirmed by density functional methoefs®* The work presented

of the influence of surface structure has been undertaken by
Masel and co-worker®~73 The activation energy for the

here is in agreement with previous studies and suggests that thelesorption of ethyleneg(= 0.1—0.25) from Pt surfaces with
degree otr back-donation to CO is stronger on a small particle varying step atom density varied from 12 to 19 kcal MolA
with a larger fraction of low coordination metal sites than on a correlation between step atom density and self-hydrogenation
single crystal or platinum particle with a large fraction of high was found to be dependent on the concentration-bbnded
coordination surface sité8.Pt—carbonyl cluster studies have ethylene on step sites. Surfaces with intermediate step atom
shown that the strength of back-bonding of the CO chemi-  densities converted ethylene to methane under UHV condiffons.
sorption bond to a small particle is stronger than to a sufface. The (1x 1) Pt(110Y°and (2x 1) Pt(1105! surfaces were very

All CO spectra on the Pt/SBA-15 catalysts consist of a single active for carbor-carbon bond scission and coke formation. On
absorption peak, although some particle sizes have a smallthe (1x 1) Pt(110) surfacez-bonded ethylene forms at 93 K.
shoulder to the red of the maximum (Figure 1). Previous Thisis contrary to previous results on Pt(111)x(20) Pt(100)
experimental and modeling work on small Pt crystallites produced (pseudohexagonal), or (¢ 1) Pt(100) surfaces where di-
complex CO spectra with multiple peaks, indicative of CO bonded ethylene was identified at the same conditi®isit is
bonding to surface atoms with different coordination and complex in agreement with theory which predicts that{1L) Pt(110) has
phase interactions between neighboring adsorbates. For examplesne of the highest orbital availabilities for the formation of
four CO species have been identified during the low temperature z-bonded ethylene. The-bonded form converted to di-bonded
adsorption of CO on a stepped Pt(211) single cry$tdlhe ethylene upon heating to 220 K, and at 300 K ethane and methane
situation is potentially more complex on a Pt nanoparticle due evolved from the surface. No formation of ethylidyne has been
to surface roughness. IR spectra of CO adsorbed on 39 A particlesobserved on (k 1) Pt(100)7°butrather a vinylidene intermediate
were much more complex than spectraof COon 11 A partles. has been proposed. Ethylidyne formation has been observed by
Based on low coverage experimental studies on Pt and on ahigh-resolution electron energy loss spectroscopy (HREELS)
coupled harmonic oscillator mod®,CO vibrations at 2070,  on (2 x 1) Pt(110), and it has been proposed that ethylidyne
2080, and 2090 crt are due to CO located at edges, terrace forms in the valleys of the (% 1) structure by a mechanism
(100) atoms, and terrace (111) atoms, respectively. identical to one proposed for Pt(11?f)By 400 K, H, TPD and

4.4, Ethylene Adsorption on Pt Catalysts: Influence of HREELS spectra are complex and suggest that a mixture of C
Particle Size.Ethylene adsorbs molecularly on Pt(111) at low species, denoted asC=C—], accumulates on the surface with
temperatures<200 K), forming up to three speciest-, di-o- adsorbed atomic carbon. These species have also been observed
bonded, or ethylidyne (Scheme 1). The heat of adsorption of on the (2x 1) Pt(110) surfacé?
7-bonded ethylene on clean Pt(111) was measured as 9.6 kcal Thez-ponded ethylene species most readily forms, and most
mol~.% Co-adsorption of Bi atoms and ethylene suggest that an gftectively stabilized, on the Pt(210) surf&@&he highly stepped
ensemble size of four atoms is necessary for ethylene adsorptiorhsture of the (210) surface enabledonded ethylene to form
on Pt(111f° The type of ethylene bound species is dependent o step sites, while di formation is sterically hindered. The
upon metal surface and temperature; Stuve and Matiave 7 gpecies s stable up to 300 K on the Pt(210) surface, in contrast
to the (1x 1) Pt(110) surface where its intensity is attenuated
after annealing to 160 K. The IR bands associatedaittonded
ethylene are attenuated onX2) Pt(110) at 100 K. No ethylidyne
has been observed on Pt(210) upon heating due to the highly

(57) Watwe, R. M.; Spiewak, B. E.; Cortright, R. D.; Dumesic, J.Gatal.
Lett. 1998 51, 139.

(58) Icking-Konert, G. S.; Handschuh, H.; GantefG.; Eberhardt, WPhys.
Rev. Lett. 1996 76, 1047.

(59) Hale, H.; Metka, U.; Volpp, H. R.; Wolfrum, Phys. Chem. Chem. Phys.

1999 1, 5059. strained nature of a CGH$pecies on this surface. There is not
465(60) Lane, G. S.; Miller, J. T.; Modica, F. S.; Barr, M. K.Catal.1993 141, enough space for ethylidyne to stand up over the fcc 3-fold

(61) Feibelman, P. J.; Hammer, B.; Ngrskov, J. K.; Wagner, F.; Scheffler, M.;
Stumpf, R.; Watwe, R.; Dumesic, J. Phys. Chem. B001, 105 4018.

(62) Brandt, R. K.; Hughes, M. R.; Bourget, L. P.; Truszkowska, K.; Greenler,
R. G. Surf. Sci.1993 286, 15. (69) Blackman, A. L.; Masel, R. J. Phys. Chem199Q 94, 5300.

(63) Brandt, R. K.; Sorbello, R. S.; Greenler, R. Surf. Sci.1992 271, (70) Hatzikos, G. H.; Masel, R. Burf. Sci.1987, 185 479.
605. (71) Yagasaki, E.; Blackman, A. L.; Masel, R.J. Phys. Chem199Q 94,

(64) Kubota, J.; Ichihara, S.; Kondo, J. N.; Domen, K.; HiroseS@xf. Sci. 1066.
1996 358 634.

(65) Campbell, C. T.; Campbell, J. M.; Dalton, P. J.; Henn, F. C.; Rodriguez,
J. A.; Seimanides, S. G. Phys. Chem1989 93, 806.

(66) Stuve, E. M.; Madix, R. 1. Phys. Chem1985 89, 3183.

(67) Stuve, E. M.; Madix, R. 1. Phys. Chem1985 89, 105.
(68) Ibach, H.; Lehwald, SJ. Vac. Sci. Technoll978 15, 407.

(72) Yagasaki, E.; Masel, R. Burf. Sci.1989 222, 430.

(73) Yagasaki, E.; Masel, R. Burf. Sci.199Q 226, 51.

(74) Yagasaki, E.; Masel, R. 0. Am. Chem. Sod.99Q 112 8746.
(75) Zaera, FJ. Am. Chem. S0d.989 111, 4240.
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hollow site due to the steric influence of the opposing step. Rather, ethylidyne adlayer can be penetrated by CO. The GB{Gyer
the authors suggest that an ethan-1-yl-2-ylidyseCCH,—) produces a red-shift af(CO) relative to the CO-only surface.
species forms (Scheme 1). This species is likely present on (1This suggests a significant interaction between CO astd;C
x 1) Pt(110) and (% 1) Pt(110) during ethylene decomposition directly, or one mediated through the metal surface.

(Pt(210) and (1x 1) Pt(110) have a similar step geometry). The  Numerous studies of the co-adsorption of CO and organics
same species is thought to bond to three step atoms and on@onducted on single-crystal surfaces appear in the surface science
terrace atom on the reconstructedx12) Pt(311) surfacé! literature2-86 These studies are often constrained to low
Few studies are available that provide data on the influence temperatures and UHV conditions. Under these conditions, H
of particle size on the formation and stability of ethylene-derived atoms formed on the surface quickly recombine and desorb as
species. In this study, ethylidyne forms upon adsorption on v, carbon monoxide and hydrogen co-adsorption has been
particles, as well as- and divo-bonded ethylene, butin different sy died extensivel§7-% but it is not considered here due to the
proportions depending on crystallite size. Very little ethylidyne o\ H coverage under the experimental conditions of this study.
was formed onthe 1.7 nm crystallites, while its formationon 2.9, co_adsorption of CO and ethylene on single-crystal surfaces has
3.6, and 7.1 nm crystallites was substantially larger. Both-di-  shown that CO stabilizes ethylidy#é! or even induces its
andz-bonded ethylene was found in high concentrations on the formation on Rh surfaces lacking 3-fold symmetihe onset
2.9 nm surface. Over a series of P#B} catalysts with varying  of ethylidyne decomposition is 50 K higher on a CO-covered
dispersion, ethylidyne was favored relativertbonded ethylene 1 11) surface versus a clean surface, which the authors suggest
as particle size increas&sThis suggests that undercoordinated i elated to the strong interaction between the CO agids C
sites are primarily responsible for the formation;ebonded dipoles? Similar behavior was observed on Ru(083)C,H,

ethylene, which is in agreement with the stabilityebonded 59 ments from ethylidyne decomposition appeared to be more
ethylene on Stef edges of Pt(2IB)Vibrational coupling of  gapie in the presence of adsorbed CO, perhaps suggesting that
adsorbed*C;H4/*2C;H, shows that ethylidyne is produced on = inhibits C-C bond cleavag® These observations revealed

(111) facets of Pt particlesl (g§10—40 A, avg.=20 Ayrather 000 may play a complex role in catalysis beyond site blocking,
than on random trimer P: St No;thylldyne was deg;]ted O suchas influencing the binding strength of other surface species
sub-nanometer Pt particles £ 10 A). Beebe and Yatéshave (reactants and intermediates). Co-adsorption studies of ethylene

suggested that the inability of thyIidyne to form on surfages and CO (or NO) on Rh(111) demonstrated that the diatomic
lacking 3-fold symmetry makes it a useful probe to determine molecules adsorb on their favored sites, forcing ethylidyne to

the fraction of (111) oriented surfaces. Ethylene adsorption at adsorb on less favored sites. The desorption of CO from an

300 Krllgdhto the Iﬁrma;:?tn of eth_yltidy.ne °.r|' Ptfcrlylsialflitestof 2t$1 ethylidyne-covered surface remained unchanged relative to CO
nm, which were thought to consist primarily of (111) facets with - 456 he on the same clean surfé#co explain the increased

a small fraction of (100) surfacé8.The stabili_ty ofyr-bonded_ stability of ethylidyne (even though it is displaced from favored
ethylene on Pt cafalysts prepared by chloride impregnition adsorption sites), we consult the proposed mechanism for
was greater than that found by Masel and co-workers on Pt(zm)ethylidyne decompositiof?. Up to six atoms are required for

and PUSIQ catalysts. Passos et#iifound that the initial heat ethylidyne decomposition, and the statistical probability of six

B adsorptlo_n at 300 Kwas 10 kc_al mélhigher on_large(uzq vacant atoms near an adsorbed ethylidyne molecule on a CO-
nm) Pt particles as compared with small Pt particled oim); covered surface is low

the higher heat of adsorption on large crystallites was attributed ) A i i .

to the exothermic dehydrogenation of ethylene to ethylicifne. An interesting result of the sequgntlal co-adsorptlon studies
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co-workers suggested that the magnitude\e{CO) on CC- 15 catalysts with monodisperse particle sizes ranging from 1.7
C;Ha/Rh(111) versus CO/Rh(111) indicates a Stark efféct. to 7.1 nm. The volumetric adsorption of the two molecules
Astudy by Tang et a@®using high-pressure STM demonstrated demonstrated that both species exist on the surface regardless
that the adsorbate structures formed by co-adsorption of mTorrof the order of adsorption but in substantially reduced amounts
pressures of CO and.B,4 at room temperature on Pt(111) is relative to adsorption on a clean surface. Ethylene was more
complex. Atequilibrium, a static, densely packed mixed adsorbate sensitive to the presence of adsorbed carbon monoxide due to
overlayer of CO and ethylidyne form. Steric crowding by the the dense unit cell that CO forms at high coverage, while the
bulky ethylidyne contributes to the lack of adsorbate mobility adsorption of ethylene on a clean metal surface leads to ethylidyne
on the surface. In the case of CO or ethylene only adsorption formation with an open, mobile unit cell capable of accom-
(mTorr pressures and room-temperature conditions), no adsorbatenodating CO molecules. Infrared investigations demonstrate that
structure is identified and these adsorbates diffuse across thez-bonded, dis-bonded ethylene and small amounts of ethylidyne

surface. Regions of densely packed pure C®/1_(1 X form on small Pt crystallitesg2 nm), with the ratio of ethylidyne
V19)R23.4 — 13CO) unit cell structuréd formed, and upon 10 7-bonded ethylene being close to unity. On larger particles,
the addition of GH, the same overlayer structure withH3 ethylidyne was the dominant surface species, suggesting that

partially replacing CO was observed. Sum frequency generationextended (111) surface planes are required for ethylidyne
(SFG) surface vibrational spectroscopy studies of CO adsorptionformation and stabilization. Adsorption of ethylene on a CO-
on an ethylidyne-covered Pt(111) surface suggest that two covered surface revealed nearly total blocking of ethylene uptake.
different linear-bound CO species exist, supporting the presenceThe only observable surface species were linear-bound CO, whose
of pure and mixed adsorbate adlay&s. position was red-shifted relative to CO adsorbed on a clean Pt
The adsorption of CO onto &B4-covered surface was reduced  surface, and ethylidyne, whose position was slightly blue-shifted
by ~50% versus a clean Pt surface. Chemisorbed CO (on ethylene+elative to Pt-GHs. Conversely, large changes #(CO) were
covered Pt) was identified at 2050 cipcompared to 2079 cm observed when CO was adsorbed on an ethylene-covered surface.
on aclean surface. If CO is adsorbed initially, the chemisorption At 298 K, the CO adsorption capacity decreased by half the
capacity of GH, is reduced by almost 100% (adsorptionistotally amount adsorbed on a clean surface a(@O) red-shifted
reversible; Table 2) and results in a small perturbatiorn(GO) considerably, suggesting a donation of electron density from
(not shown). In the case of CO adsorption followed g it adsorbed ethylidyne to carbon monoxide mediated through the
is evident that ethylene inclusion on the surface is essentially metal substrate.
prohibited, and few adsorbates attach to the surface. Due to steric
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