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Abstract

In this study, the structure sensitivity of hydrogen, oxygen and carbon monoxide adsorption was investigated by changing the metal particle
size of Pt/AbO; catalysts. The 2% Pt/AD; catalysts were prepared by incipient wetness method; the particle size of the catalysts was modified
by calcining at different temperatures. The differential heats of adsorption of hydrogen, carbon monoxide and oxygen were measured using
a SETARAM C80 Tian-Calvet calorimeter. Hydrogen chemisorption sites with low and intermediate heats were lost when the particle size
increased consistent with the previous reports in the literature. No structure dependency was observed for hydrogen, carbon monoxide or
oxygen initial heats of adsorption. The adsorbate:total metal stoichiometries at saturation systematically decreased with increasing particle
size. While the hydrogen site energy distribution changed with increasing particle size, oxygen and carbon monoxide adsorption site energy
distributions did not change appreciably with the metal particle size.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction be dependent on the surface coverage of the adsorbate due

to the lateral adsorbate—adsorbate interactions or due to the

Many catalytic reactions are structure sensitive, the rate surface heterogeneity.
depends on the detailed geometrical structure of the surface The structure sensitivity of CO oxidation reaction is ob-
atoms of the catalyst. Structure sensitivity usually manifests served for gas phase catalytic reacti¢a8] as well as in
itself as a dependence of the rate per surface atom on the avanodic oxidation studiefgl]. Both Zafiris and Gort¢2] and
erage size of the catalyst particles. The understanding is thatGracia et al[3] have measured lower activation energies for
the relative number of corner and edge sites increases dra-CO oxidation at lower dispersions. Zafiris and G¢have
matically with decreasing particle diameter, and these very attributed the structure sensitivity of CO oxidation to higher
low-coordinated surface atoms could have a substantially desorption rates over larger particles promoted by the repul-
different ability to interact with the gas phase molecules. sive interactions due to the higher CO coverages on larger
Norskov et al[1] have demonstrated that the heat of adsorp- planes. The oxidation of CO to form GQ@eaction proceeds
tion of a species is directly related to the local structure of via the combination of a chemisorbed CO molecule with a
the catalysts, the step sites are more active unless poisoned;hemisorbed oxygen atom, the latter produced through the
and they bind the adsorbates more strongly. The amount ofdissociative adsorption of{®n the Pt surface. Due to the poi-
heat evolved during the adsorption process, called the heat osoning effect of the CO adsorption on the Pt surface, amount
adsorption, is closely related to the adsorbate—substrate bonaf and bond strength of adsorbed oxygen on the surface gains
strength. Furthermore, the differential heat of adsorption can more importance.
Structure sensitivity of CO adsorption was theoretically
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Table 1

Literature data of CO adsorption over supported Pt surfaces

Catalyst Percent Pt Initial heat of Integral heat of Saturation coverage Dispersion Reference
adsorption (kJ/mol) adsorption (kJ/mol) (r.mol/g catalyst) (mol H ads/mol Pt)

Pt/SIO, 1.2 144 104 48.7 1.18 [8]

Pt—K/SiQ 1.2 140 101 26.7 1.31 [8]

Pt—Sn/SiQ 0.93 135 83 19.6 0.51 [8]

Pt—-Sn—-K//SiQ 0.93 138 91 10.4 0.89 [8]

P/Si0 4.0 140 105.1 130 0.51 [9]

Pt/SiQ 7.0 140 113.8 162 0.63 9]

Pt(221) - 185 170 1.5 ML? - [6]

Pt(111) - 180G+ 8 119.5 L - [10]

a ML: monolayer.

the adsorption energy from one structure to the other. The ex-chemisorption is more facile over low coordination edge and
istence of the step sites has been demonstrated to enhance treorner site§23-27]. The structure sensitivity of hydrogen
adsorption of Cg5-7]. The initial and integral heats of CO adsorption was reflected in the calorimetry data in terms of
adsorption reported in literature were collectedlable 1. loss of sites with low and intermediate heats in the presence
The experimental data on powdered catalysts were collectedof Ag or Cu atoms. However, initial heats of adsorption were
at 323K, while the single crystal data was reported to be not influenced in the presence of Ag or Cu. The initial and
measured at room temperature. The heat of adsorption datantegral heats of adsorption data — measured in the vicinity
on two different orientations of Pt single crystal surfaces are of 323 K — presented iffable 3for hydrogen over Pt do not
different beyond experimental errors (Table 1). But, the struc- change much with the particle size.

ture dependency of CO chemisorption is difficult to elucidate =~ Therefore, the objective of this study was to measure oxy-
from the literature data collected over supported metal cata-gen, hydrogen and CO adsorption heats to elucidate the en-

lysts (Table 1). ergetic component of structure sensitivity of adsorption over
The limited amount of data on oxygen adsorption com- 2% Pt/ALO3 by changing the particle size. Calcination tem-
piled in a previous publicatiofl1] is quoted inTable 2for perature was selected as the parameter to modify the particle

reference. The adsorption heats strongly depend on whethesize in order to avoid complications that may arise due to the

the adsorption is molecular or dissociative. Once dissoci- preparative chemistry.

ated, oxygen forms strong bonds with the surface exceeding

250 kJ/mol. However, the adsorption of oxygen over metal

surfaces is hampered by the low sticking coefficients on the 2. Materials and methods

surface. The dissociative sticking coefficient of oxygen was

shown to increase exponentially with step concentration, ad-2.1. Sample preparation

sorbed species at the steps are bound on the step edges, and

dissociation almost exclusively takes place at the step sites  All of the samples were prepared by incipient wetness im-

([21] and references therein). The existence of the step sitespregnation of Pt from a solution of tetraammine platinum(Il)

was demonstrated to enhance the adsorption and dissociatioghloride hydride (Johnson Matthey) on drigd\l ,O3 (John-

of oxygen[21,22]. son Matthey, 65 rfig BET surface area). The impregnation
NMR studies combined with heat of adsorption measure- solution was prepared by dissolving an appropriate amount

ments indicated that hydrogen adsorption over mono and bi-of PtCh(NH3)4-H»0 salt in distilled water. Approximately

metallic Ru/SiQ catalysts is structure sensitive: hydrogen 2ml of solution per gram of support was needed to bring

Table 2

Adsorption modes, heats and coverages of oxygen adsorption over various surfadd4d pf Pt

Surface Adsorption mode Saturation coverage (ML) Sticking coeffici€t, Eagdes(kJ/mol)  AHags(kJ/mol) Reference
Pt(111) Dissociative 0.064 339+ 32 [10]
Pt(110) Dissociative 0.35 0.34 332+ 10 [12]
Pt(111) 0.25 0.06 213.4-175.7 [13]
Pt(S)-[9(111)x(111)] 0.5 0.06 205-171.5 [14]
Pt(111) Molecular 0.6 37+2 [14]
Pt(111) Dissociative 0.4 470+10 [15]
Pt(111) 0.25 0.048+0.006 [16]
Pt(111) 0.25 [17]
Pt(111) Molecular peroxo 40.5 [18]
Polycrystalline Pt 0.75 [19]

Pt(111) Molecular 0.12 [20]
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Table 3

Literature data of hydrogen adsorption over supported Pt surfaces

Catalyst Percent Pt Initial heat of Integral heat of Saturation coverage Dispersion Reference
adsorption (kJ/mol) adsorption (kJ/mol) (r.mol/g catalyst) (mol H ads/mol Pt)

P/SIO 1.2 93 66 38.6 1.18 [8]

Pt—K/SiQ 1.2 95 67 46.0 1.31 [8]

Pt—Sn/SiQ 0.93 92 59 16.1 0.51 [8]

Pt—Sn—K//SIQ 0.93 97 52 26.0 0.89 [8]

P/SIO 4.0 91 67 69 0.51 [9]

Pt/SiQ 7.0 92 68 94 0.63 [9]

about incipient wetness. The slurries obtained after impreg- into the sample port of the micro-calorimeter. The other end
nation were dried overnight at room temperature and at 400 K of the tee connection was attached to an empty sample cell
for 2 h. The catalyst prepared as such was divided into four inserted into the reference port of the micro-calorimeter. The
portions and each portion was calcined in air at a different reduction procedure described previouydly] was followed
temperature for 4h. The calcination temperatures were se-except the high pressure;Hlosing temperature reduced to

lected as 410, 450, 500 and 60D. 543 K due to the maximum allowable temperature limit of the
micro-calorimeter. After the reduction process the catalyst
2.2. Adsorption measurements was degassed and evacuated for 10-14 h while the catalyst

was very slowly cooled down to 303 K. Differential heats of

Adsorption measurements were conducted on a home builtadsorption were measured by introducing small amounts of
adsorption apparatus described in detail e|sewmp The gaS intO the Sorption Chamber. The amount adsorbed and heat
dispersion measurements were performed according to theevolution data were recorded up to the point where there was
method described by Uner et 18]. After collectingthetotal o heat signal detected upon incremental gas dosing to the
and weak hydrogen adsorption isotherms, the zero pressurdimit of the pressure measurement (10 Torr).
values were obtained by extrapolating the data, the difference
between the total and weak isotherm zero pressure values
were reported as the strong hydrogen amounts. This value3. Results and discussion
was used as the metal dispersions by assuming 1H:1 surface

Pt stoichiometry for the strongly bound hydrogen. The hydrogen adsorption amounts as measured by volu-
metric chemisorption are presentedTable 4as a function
2.3. Microcalorimetry of calcination temperature. It can be seen from the data pre-

sented inTable 4that the catalyst particle sizes could be

Heat of adsorption measurements were conducted on Semodified by changing the calcination temperature as mea-
taram C-80 Tian-Calvet Calorimeter coupled to the multi-port sured by the strongly adsorbed hydrogen stiochiometries.
high-vacuum Pyrex glass manifold. In this manifold a Pfeifer On the same table the saturation coverages of all adsor-
turbo molecular pump station backed by a diaphragm pump bates as measured by calorimetry are also presented for
was used. The pressure was measured by a Baratron gaugeomparison.
(Varian CeramiCel) in the range of 16-10 Torr. The details Hydrogen heat of adsorption data was plotted against hy-
of the home made Pyrex sample and the reference cells fordrogen coverage ifig. 1. The coverages were determined
the calorimeter and the schematics of the set up are given in aas the ratio of the hydrogen adsorption amounts to the to-
previous publicatiofil1]. One gram of pre-reduced and pre- tal hydrogen amounts measured from chemisorption experi-
calcined sample was loaded into the sample cell, which wasments. Due to the upper limit of the Baratron gauge (10 Torr),
then attached to one end of the tee connection and insertedhe calorimetry data could not be collected till hydrogen

Table 4
Total, weak and strong hydrogen to platinum stoichiometries measured by volumetric chemisorption compared with the saturation coverages measured by
microcalorimetry over 2% Pt/y-ADs3 calcined at different temperatures

Calcination By calorimetry By volumetric chemisorption

temperature°C) - - -
CO saturation O saturation H saturation Total hydrogen Weak hydrogen Strong hydrogen
coverages coverages coverages amounts (kbta/Pt) amounts (KealPt) amounts (HrondPt)
(CO/ Ptotal) (O/ Ptotal) (H/ Pttotal)

410 0.20 0.15 >0.7 0.83 0.20 0.63

450 0.25 0.15 >0.4 0.47 0.18 0.29

500 0.10 0.12 0.20 0.26 0.06 0.20

600 0.04 0.06 0.08 0.09 0.05 0.04
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Fig. 1. Differential heat of hydrogen adsorption over 2%~\P#I,03. The temperatures indicate the calcination temperature of the catalysts.

saturation — indicated by a lack of heat evolution — during the high initial heats could not be sampled. Furthermore, the heat
calorimetry experiments for all of the catalysts. Therefore, of adsorption data of hydrogen over the catalyst calcined at
the coverage normalization was based on the total hydrogen600°C fell on the same curve as the data of the catalyst cal-
amounts measured via chemisorption. The heat of adsorp-cined at 410C. This anomaly was interpreted to be due to
tion data was evaluated as per mole of atomic hydrogen ad-the high fraction of planar surfaces available on the surface
sorbed. The structure sensitivity of hydrogen adsorption is of this catalyst. Because, the heats of adsorption of hydro-
evident from the data presentedhig. 1. As observed by  gen values measured over these surfaces resemble the region
Narayan and Kind23] and Savargaonkar et §R4] over assigned for planar surfaces in this and in previous studies
bimetallic catalysts, our catalysts have lost hydrogen adsorp-[11,23,24].

tion sites with low and intermediate energies as the particle  Oxygen adsorption data was also plotted in terms of disso-
size increased, for the catalysts calcined at 450 andG00  ciated oxygen coverages and heats per mole of atomic oxygen
For the catalyst calcined at 60G, due to the low number  (Fig. 2). The coverages were based on the saturation cover-
of surface sites available for chemisorption, the sites with age of oxygen over the catalyst as measured by calorimetry.
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Fig. 2. Differential heat of oxygen adsorption over 2% Pt//y®{4. The temperatures indicate the calcination temperature of the catalysts.
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Fig. 3. Differential heat of carbon monoxide adsorption over 2% Pt/hPAl The temperatures indicate the calcination temperature of the catalysts.

It is important to note here that the differential heat of curve. The initial heats of adsorption and adsorption heats at
adsorption curve of oxygen over the catalyst calcined at saturation agree well with the literature data (Table 1) as well
600°C lied systematically above the differential heat of ad- as the isosteric heats of adsorption measured by Dulaurent
sorption curve of the other catalysts. This can be interpretedand Bianchi29].

as a particle size effect, higher oxygen adsorption heats over The number of moles of gas adsorbed at saturation per
larger Pt particles were measured over Ptholc@talystg11]. gram catalyst is plotted against the calcination temperature
CO adsorption heats shownkig. 3were also plotted against  in Fig. 4. The decrease in the adsorbed gas amounts is con-
the fractional coverage determined in a similar fashion, the sistent with the decrease in metal dispersions (Table 4). The
coverage values were normalized to the jg&saturation data inFig. 4has some general characteristic trends. First of
values as measured by calorimetry. Carbon monoxide ad-all, adsorbed oxygen amounts are consistently lower than
sorption heats do not exhibit any structure sensitivity; the that of carbon monoxide and hydrogen. Second, the de-
heat of adsorption data for all catalysts fell on the same crease in adsorbed oxygen amounts with dispersion is not
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Fig. 4. The amount of gas adsorbed at saturation as a function of catalyst calcination temperature.



112 D. Uner, M. Uner / Thermochimica Acta 434 (2005) 107-112

as pronounced as observed in hydrogen or carbon monox-acquisition of the adsorption calorimeter was possible
ide. Finally, on the catalyst calcined at 6D, the amount  through a State Planning Organization Technology Research
of hydrogen, oxygen and CO adsorbed approaches to similarGrant no: AFP-03-04-DPT-98K122550.
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