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Abstract: The heats of adsorption of two linear CO species adsorbed on the Au® particles (denoted Laye)
and on the Ti*? sites (denoted Lti+s) of a 1% AU/TIO, catalyst are determined as the function of their
respective coverage by using the AEIR procedure (adsorption equilibrium infrared spectroscopy) previously
developed. Mainly, the evolutions of the IR band area of each adsorbed species (2184 cm™* for Lti+s and
at 2110 cm~* for Lay) as a function of the adsorption temperature T,, at a constant CO adsorption pressure
Pco, provide the evolutions of the coverages 6y1i+s and 6_au Of each adsorbed CO species with T, in isobar
conditions that give the individual heats of adsorption. It is shown that they linearly vary from 74 to 47
kJ/mol for Lay, and from 50 to 40 kJ/mol for Lyi+s at coverages 0 and 1, respectively. These values are
consistent with literature data on model Au particles and TiO.. In particular, it is shown that the mathematical
formalism supporting the AEIR procedure can be applied to literature data on Au-containing solids (single
crystals and model particles).

1. Introduction provide Ey = f(6) for each adsorbed species according to
The evolutions of the heats of adsorption of the adsorbed different mathematical formah?Ts: Clausitlapeyron equa-
species (denoted ) with their coverage (denoted byE, = tion and adsorption modefs!4 This analytical procedure

f(6) with 0 < @ =< 1) constitute fundamental characterizations (denoted by AEIR: adsorption equilibrium infrared spectros-
of the gas/solid interactions because Eaevalues (a) quantify ~ COPYF+?has been used to determine the heats of adsorption of
the coverage of the sites under adsorption equilibrium and (b) inear (denoted by L), bridged, and three-fold coordinated
contribute to the coverage of the active surface during a catalytic 2dsorbed CO species on several metal-supported (on alumina)
reaction. However, this parameter is rarely studied on supportedcatalysts such as Pt? Cu* and C4,*° Pd!* Rh}'® and Rui*
metal catalysts as compared to the amount (i.e., volumetric !N the present study, one of the advantages of the AEIR method
measurements) and the nature (i.e., FTIR spectroscopy) of thds used to determine the individual heats of adsorption o‘f two
adsorbed species due to experimental difficulties using, for L CO species adsorbed on the Aparticles and on the T?
instance, temperature programmed desorpfiam microcalo- ~ Sites of a 1% AU/TiQ catalyst. The AEIR procedure is
rimetric method$-5 We have previously shown that the Particularly useful due to the fact that the two adsorbed CO
evolutions of the IR bands of each adsorbed species with theSPecies have similar heats of adsorption. Recent literature data
adsorption temperatuf® > 300 K at a constant partial pressure 0N the high performances of Au-containing solids, in particular
P, may allow one to determine the evolution of the coverdge ~ AU/TIO,, for the CO/Q reaction at low temperatures and the

of each adsorbed species with6-4 The curvesd = f(T,) selective CO oxidation in the presence of hydrd§el? justify
the interest for the determination of the heats of adsorption of
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2. Experimental Section

A 1% Au/TIO; catalyst has been prepared according to the classical
deposition-precipitation meth&tlising the procedure described by Ruth
et al2t with TiO, P25 from Deguss&:?2In the absence of light g of
TiOz is introduced in an appropriated amount of aqueous solution (350
cn?) of HAUCI,4H,0 (Aldrich) heated at 343 K and adjusted to pH
= 7 by addition of a NaOH solution. The suspension is stirred for 1 h
before decanting off the liquid. The solid was washed several times
with distilled water to remove Naand CI ions. The presence of Cl
in the filtrate was followed by precipitation of AgCI. After drying at
353 K during 12 h, the solid is heated (2 K/min) in air at 673 K during
5 h. A 1% Au/TiQ, solid prepared according to this procedure showed
high performances for the CO4@xidation at low temperaturésThe
deposition-precipitation method for Au/TiQed to a mean diameter
of gold particles in the range of~% nm for a similar (a) Au loading
and (b) pretreatment procedure -a673 K820 For the FTIR study,
the solid (either Au/TiQor pure TiQ) was compressed to form a disk
(® = 1.8 cm,m = 40-90 mg), which was placed in the sample holder
of a small internal volume stainless steel IR cell in transmission mode
described elsewhefdt permitted in-situ treatments of the solid in the
temperature range of 29®00 K, with a controlled gas flow rate (in
the range of 1562000 cn¥/min, at atmospheric pressure) selected using
different valves. The AEIR method imposed that the evolutions of the

IR band intensities of a specific adsorbed CO species during the increas

in T, were mainly due to the adsorption equilibrium. To prevent the
contribution of the sintering of the Au particles to the measurements,
the solid was stabilized before CO adsorption by oxidation/reduction
cycles as follows: He, 298 K- He, 673 K— O, 673 K (10 min)—
He, 673 K (10 min)—~ H,, 673 K (10 min)— He, 673 K (10 min)—

e

Absorbance

200 2150
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Figure 1. Evolution of the FTIR spectra of the adsorbed CO species on
1% AU/TiO, at 300 K with the CO partial pressure: <8 Pco =1, 2, 5,
10, 15, 20 in kPa, respectively.

Adsorption of CO on Au single crystals leads to a similar IR
band at~2110 cn?! at high coverage on Au(11%)*°and Au-
(332)31 while it shifts to higher wavenumber at low cover-
age3%310n a single crystal, there is a reconstruction of the Au
surface under CO, while C deposition is observed for long
adsorption duration at 300 #¥.0n model Au particles deposited
on a TiQ, film, Meier and Goodmait have observed that the
position of the IR band is dependent on the particle size in the
range of 1.8-3.1 nm (blue-shifts of~4 cn1). A desorption in
helium after adsorption at 300 K leads to the rapidL (min)

He, 300 K. After the pretreatment procedure, the CO adsorption at 300 disappearance of the two IR bands, indicating weakly adsorbed

K was performed according to He x% CO/He withx =1, 2, 5, 8,

CO species. Spectra-&in Figure 1 show the evolution of the

10, 15, and 20. The same sample of solid was used for several|R pands with the increase in the CO partial presdege. It

experiments, and it was treated as above before each CO adsorption

The AEIR procedure was applied wigh—= 1 and 10 on Au/TiQ and

20 on pure TiQas follows: after adsorption equilibrium at 300 K, the
adsorption temperaturé, was increased~10 K/min) at a constant
CO partial pressure, while the IR spectra were recorded periodically.

can be observed that the IR band of thgik CO species
increases associated with a shift to 2182 &nwhile that of
the Lay® species increases and shifts to 2110 tfior Pco <

15 kPa due to the increase in the coverage of the gMes as

After the highest adsorption temperature, the solid was cooled (without OPserved on single crystal$*°For Pco = 15 kPa, the IR band

any oxidation/reduction pretreatment) in the presence of CO, and the area of the ly, species is not modified, indicating the full
spectra were compared to those recorded at similar temperatures incoverage of the Ausites, while that of the 15 CO species

the course of the heating stage. This enabled the detection of thecontinues to increase (the coverage of th&’Fites is<1 for

modifications of the catalyst during the CO adsorption at high

Pco = 20 kPa). Note that with the present Au loading and

temperatures such as reconstruction and eventual poisoning of thepretreatment procedure, the IR band intensity of the.d

surface by C deposition.
3. Results and Discussion

3.1. FTIR Spectra of CO Adsorbed on 1% Au/TiO,. Figure

species is higher than that of thg L

Figure 2 shows the evolution of the IR bands during the
increase inT, for 10% CO/He. It can be observed that the
intensities of the two IR bands progressively decrease and at

1 shows the FTIR spectra after adsorption of 1% CO/He on the T, = 407 K that of the k. is no more detected while that of

reduced 1% Au/Ti@solid. Two IR bands are observed at 2184
and 2115 cm? ascribed to linear CO species adsorbed of? Ti
cations (denoted #.+5) with probably 6 = 42324 and AW
site$4~28 of the Au particles (denoted al¢), respectively.

(20) Tsubota, S.; Haruta, M.; Kobayashi, T.; Ueda, A.; Nakahar&tid. Surf.
Sci. Catal.1991 63 (Pre. Catal. 5), 695704,

(21) Ruth, K.; Hayes, M.; Burch, R.; Tsubota, S.; Haruta, Appl. Catal., B
200Q 24, L133-1138.

(22) Debeila, M. A.; Coville, N. J.; Scurrell, M. S.; Hearne, G.Guatal. Today
2002 72, 79-87.

(23) Morterra, CJ. Chem. Soc., Faraday Trank988 84, 1617-1637.

(24) Boccuzzi, F.; Chiorino, A.; Manzoli, MSurf. Sci.200Q 454, 942-946.

(25) Ruggiero, C.; Hollins, Rl. Chem. Soc., Faraday Trank996 92, 4829-
4834.

(26) Boccuzzi. F.; Chiorino, A.; Manzoli, M.; Lu, P.; Akita, T.; Ichikawa, S.;
Haruta, M.J. Catal.2001 202 256-267.

(27) Schubert, M. M.; Kahlich, M. J.; Gasteiger, H. A.; Behm, RJ.JPower
Sourcesl999 84, 175-182.

(28) Jia, J.; Kondo, J. N.; Domen, K.; Tamaru, X.Phys. Chem. B001, 105,
3017-3022.

Laye is still present and detected at 2115 @dmThis clearly
indicates that the heat of adsorption of the L CO species on
Auc is slightly higher than that of thet s CO species. Figure

3 compares the IR bands at 307 K before (Figure 3a) and after
(Figure 3b) adsorption to 441 K in 10% CO/He. It can be
observed that the IR bands are not significantly modified by
the adsorption at high temperatures. The surface reconstruction
of the Au particle®’*3has no impact probably due to their smalll
particle sizes, while the eventual C deposiffoloes not

(29) Jugnet, Y.; Cadete Santos Aires, F. J.; Deranlot, C.; Piccolo, L.; Bertolini,
J. C.Surf. Sci. Lett2002 521, L639-L644.
(30) Meier, D. C.; Bukhtiyarov, V.; Goodman, D. W. Phys. Chem. B003
107, 12668-12671.
(31) Ruggiero, C.; Hollins, PSurf. Sci.1997, 377, 583-586.
(32) Meier, D. C.; Goodman, D. W.. Am. Chem. So2004 126, 1892-1899.
(33) Peters, K. F.; Steadman, P.; Isern, H.; Alvarez, J.; Ferr&ui$. Sci2000
467, 10—22.
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Figure 2. Evolution of the FTIR spectra of the adsorbed CO species on
1% AU/TIO;, at a constant partial pressifeo = 10 kPa with the adsorption
temperature: (ah) T,= 307, 313, 323, 353, 364, 392, 407 K, respectively.
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Figure 3. Comparison of the IR bands before (a) and after (b) adsorption
at 441 K withPco = 10 kPa.

decrease the number of Asites probably because of the storage
of the carbonaceous species on the;80pport at the proximity
of the Au particles. On the pure Ti&upport pretreated as the
1% Au/TIO;, solid, the adsorption of CO leads to the detection
of the IR band for the {45 CO species at 2184 crhat 300
K, and its evolution withl, (not shown) at a constant CO partial
pressure<20 kPa is similar to that in Figure 2.

3.2. Evolution of the Coverage of the kj+s and Lage
Species withT, in Isobar Conditions. In previous work, it
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Figure 4. Experimental and theoretical evolutions of the coverage of the
Lawe CO species on several Au-containing solids in isobar conditions (see
the text for more details)®, O experimental data and a, b theoretical curves
(expressions 2 and 3) fd?co = 10 and 1 kPa, respectively, for 1% Au/
TiOy; #, v experimental data from ref 32, and c, b theoretical curves
(expressions 2 and 3) fétco = 0.32 and 5.9 10° Pa, respectively, for Au
model particles on Ti@ O, A experimental data from ref 30, and e, f
theoretical curves (expressions 2 and 3)FPgb = 1.3 x 1073 and 1.3x

1075 Pa, respectively, for Au(110M, experimental data on Au(110) from
ref 38.
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Figure 5. Experimental and theoretical evolutions of the coverage of the
L1i+s Species on 1% Au/Ti@and TiG (see the text for more details®,

W experimental data and a, b theoretical curves (expressions 2 and 3) for
Pco = 10 and 1 kPa, respectively, on Au/TiQ and d theoretical curves
(expressions 1 and 3) fdlco = 10 and 1 kPa, respectively, on Au/TiO

v, e experimental data and theoretical curves (expressions 2 and 3) for the
pure TiQ support forPco = 20 kPa. Inset: Determination of ti#g, value
assuming the Langmuir model on Au/TiO

T, for two CO partial pressures as shown in Figure 4: curves
O and @ for Pco = 1 and 10 kPa, respectively. The IR band

has been shown that the IR band area of each L CO speciesy eg of the ki+s CO species increases between 15 and 20 kPa,

adsorbed on the metallic sites of 1Cu 2 and 1#® supported
on Al,O3 is proportional to the amount of each L CO species

indicating that the full coverage of the sites is not obtained at
Pco = 20 kPa. For the determination of thf, value, it is

on the surface. These observations have been a priori extendedssymed that the adsorption ofils CO corresponds to the
for each adsorbed CO species on the surface of metal particle§ angmuir model. This is a priori justified by the fact that the
supported on metal oxide supports. The coverage of a specificgyface concentration of the *Pi sites is small, limiting the

adsorbed X CO species at an adsorption temperalyris
determined according t8x = A(Ta)/Auw, whereA(T;) and Ay

are the IR band area at and the highest IR band area of the
X CO species. For thedy species, the increase Rto at 300

K from 15 to 20 kPa does not change the IR band area,
indicating the full coverage of the Awsites: Ay is the IR band
area of the ly,» CO species at 300 K fdPco = 15 kPa. This
allows us to determine the evolutions of its coverégg, with

(34) Bourane, A.; Dulaurent, O.; Bianchi, D. Catal.200Q 195, 406-411.

(35) Zeradine, S.; Bourane, A.; Bianchi, D.Phys Chem. B001, 105 7254~
7257.

(36) Bourane, A.; Nawdali, M.; Bianchi, OJ. Phys. Chem. B002 106, 2665~
2671.
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interaction between+.s CO species. The Langmuir adsorption
model gives:

P A(T,) _ KiritsPeo
Lo Ay 1+ KiissPeo

1)

where K ti+s is the adsorption coefficient of thetLs CO
species afl,. Expression 1 shows that A(T,)) = f(1/Pco) at

a constant adsorption temperature must be a straight line
providing Ay andK_ti+s as shown in the inset of Figure 5 for
the Lyi+s CO species on Au/Ti@at T, = 300 K. This provides

Ay that allows us to determine the evolution of the coverage
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OLti+o at two CO partial pressures as shown in Figure 5: curves from the Clausius Clapeyron equation using experimental data
W and® for Pco = 1 and 10 kPa, respectively. The experimental (from different analytical methods) recorded under adsorption

_RTa

B_AE

@)

data in Figures 4 and 5 are used to measure the heats ofquilibrium. These experimental conditions are similar to those
adsorption of the two adsorbed CO species at several coveragesf the present study, and this allows us to perform a comparison
Curvev in Figure 5 gives the evolution of the coverage of the between the isosteric heats of adsorption andthealues from
Lti+s CO species on the pure TiGupport forPco = 20 kPa. expressions 2 and 3. The practice of measurements of the
3.3. Heats of Adsorption of the Laye and Ltj+s CO Species isosteric heats of adsorptioH-3¢ reveals that the values are
on 1% AuU/TIiO ,. The experimental curves in Figures 4 and 5 significantly affected by experimental uncertainties, and this is
are very similar to those previously observed on other supportedalso the situation on Au single cryst&fs2.38However, these
metal catalysts for the L and/or B CO specie¥! It has been measurements show that the heats of adsorption@fdn Au
shown that their profiles are due to a linear decreads iwith single crystals are slightly lower that those of the present study.
the increase in the coverageof each adsorbed CO species On Au(100), McElhiney and Pritchaftihave determined the
leading to the generalized expression of the Temkin's modél. following by using surface potential (denoted SP) measure-
ments: 58t 3 kJ/mol at low coverage decreasing progressively
In(l + KOP:) with the increase ird. The same analytical method has been
1+K,P used by Ruggiero and Holli#sfor the adsorption of CO on
_ _ _ _ Au(332): 55+ 3 kd/mol at low coverages. This value remains
whereAE is the difference in the heats of adsorptiorfat: 0 constant during the increase in the coverage (until &=SI25
(Eo) and 6 = 1 (Ey), and Ko and Ky are the adsorption  mv/) and then decreases roughly linearly to 20 kJ/mol. In recent
coefficients aty = 0 andf = 1, respectively. Thé&, andE; work, Gottfield et af® have measured the isosteric heats of
values are obtained considering that the adsorbed CO Spede%dsorption of CO on Au(116)1 x 2) by using the work
are localized and that the adsorption coefficients are provided fynction: 59 + 2 kJ/mol at low coverages progressively
by the statistical thermodynamiés:* decreasing (roughly linearly) with the increaseéirto 35 kJ/
i3 1 E,—E mol at full coverage. Meier et &0.have determined the isosteric
K= X —— X ex;{ a) 3) heats of adsorption by using the IR band intensity (IRAS) of
kx 2xmxmxk¥ 1% Rx T, the Law species on Au(110)(1 x 2) (this is a procedure very
) ) ) similar to the present AEIR method): 46 kJ/mol at low coverage
whereh is Planck’s constank is Bolztmann’s constantn is and 33 kJ/mol at coverage 0.19. Moreover, Meier and
the mass of the molecul&, andE, are the activation energies  goodmad? have used the same experimental approach to
of desorption and adsorption, respectively, witle= Eq — Ea measure the isosteric heats of adsorption of the $pecies on
is the heat of adsorption depending of the cover@géhe Eo Au metal clusters deposited on a Bifdim. They observed that
andE; values are those leading to theoretical curies: f(Ta) this parameter varies at low coverage with the cluster sizes
(from expressions 2 and 3) in agreement with the experimental (diameter): 75, 68, 53, and 45 kd/mol on 2.6, 1.6, 3.1 nm, and
data. For instance, the curves a and b in Figure 4 are obtained,k respectively. It can be observed that the values for 2.6
for Eo(Law) = 74, andEy(Law) = 47 kJ/mol that correspond  gnq 1.6 nm are in very good agreement with the present study.
to the heats of adsorption of theyl CO species. The choice  \ioreover, for the 2.6 nm size, the author noted a roughly linear
of the Ep andE; values is limited in a short range-g kJ/mol); decrease with the coverage to 61 kJ/mol at high coverages, a
otherwise the theoretical and experimental curves are different.,,5) e moderately higher the;, = 45 kJ/mol considering the
Similarly, curves a and b in Figure 5 are obtainedgfL i) uncertainties of the experimental procedures. These comparisons
= 50, andEy(Lri+s) = 40 kd/mol for the ks CO Species.  clearly show that the preseBy values for the e CO species
The small difference between those two values indicates that gy, the AG particles supported on TiCare consistent with the
the Temkin's adsorption model for theril, CO species can  igosteric heats of adsorption model Au particles on a TiO
be reasonably approximated to the Langmuir model as con-fjim This seems to confirm the view of Meier and Goodr#an
firmed by curves ¢ and d obtained using expressions 1 and 3i5t the heat of adsorption of theyl: CO species is slightly
with a constant heat of adsorptiorE,. = 46 kJ/mol. This
supports the determination 8§, for this adsorbed CO species
(inset of Figure 5). The heats of adsorption of thg-land Lyi+s

higher on the supported Awluster than on Au single crystals.
Note that this difference is not linked to a shift in the IR band
of the La, species that is situated at2110 cnt! at high

CO species are very similar, and this shows the difficulties that coverage, regardless of the Au-containing solid.

can be encountered by using classical procedures such as TPD 14 our knowledge, there are few reports on others Au-
and microcalorimetry that may provide an average of their containing solids. By microcalorimetry, Gupta et3&f? indi-

values. For k19 CO species on the pure TiQupport, the best

cated that the heats of adsorption of CO on Au powder are in

agreement between the experimental data and the theoreticaj,o range of 2650 kJ/mol and in the range of 600 kJ/mol

curve (Figure 5e) is obtained from expressions 2 and Efor
= 54 andE; = 44 kJ/mol, showing that the Au particles have
a very small impact on the heats of adsorption of the CO
species considering the experimental uncertainties.

3.4. Comparison of the Heats of Adsorption of the la,-
Species to Literature Data.This comparison mainly concerns
literature data on single crystals and model particles on, TiO

on Au/FeQs. These values are consistent with the view that
the heats of adsorption of CO on Au are higher on small
particles. The values on Au/i@; are different than those of
the present study, maybe due to the impact of th©ksupport.
3.5. Application of the Present Adsorption Model to
Literature Data on Au-Containing Solids. The isosteric heat

due to the very small number of studies on Au-supported solids. (37) McEihiney, ©.; Pritchard, Burf. Sci.1976 60, 397 410,

Several studies provide the isosteric heats of adsorption of CO

(38) Gottfired, J. M.; Schmidt, K. J.; Schroeder, S. L. M.; ChristmanrSkf.
Sci. 2003 536, 206-224.
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of adsorption measurements constitute tedious experimentsthe Ep andE; values used for curves ¢ and d on Au clusters on
leading to values significantly affected by experimental uncer- TiO, (Figure 4e and 4f) confirms the conclusion of Meier and
tainties. This explains that we have adoptétithe mathematical Goodmanf? that the heats of adsorption ofl- on Au particles
formalism leading to expressions 2 and 3 for the exploitation are slightly higher than those on Au single crystals. A similar
of the experimental data in the AEIR approach. This strongly comparison can be performed considering the experimental data
simplifies the experimental procedure: a single isobar provides (work function) of Gootfried et a® (see Figure 12 in ref 38)
the parameters of interest, while the experimental uncertaintieson Au(110). However, at the lower adsorption temperatlre,
have a limited impact. Expressions 2 and 3 are linked to a = 120 K, the highest CO pressure indicated does not correspond
specific adsorption model: mainly the generalized Temkin's to the saturation coverage. By extrapolating the 120 K isotherm,
model and localized adsorbed species. There are severalt can be reasonably considered that the full coverage corre-
approximations on the partition functions that are involved in sponds td ~ 0.5 (by using the total surface of Au(110)) which
the final form of the adsorption coefficient. However, it has corresponds to a coverage of 1 in the definition of the coverage
been shown that they have a very limited impact on Epe linked to expressions 2 and 3 (by using a given number of sites).
values*! The literature data on the isosteric heats of adsorption Curve B in Figure 4 provides the isobar at 10mbar from

of CO on Au single crystals and Au clusters, by using various Figure 12 in ref 38. As expected, this curve is overlapped with
analytical procedures, offer a quasi unique situation to comparethat obtained from the experimental data of ref 30. However,
the Ey values obtained according to either the Clausius the profile is slightly different, and the theoretical curve (not
Clapeyron equation or expressions 2 and 3 considering inde-shown) from expressions 2 and 3 is obtained udtgg= 57
pendent experimental data. There are several available experiand E; = 35 kJ/mol that are equal to the isosteric heats of
mental data in the literature to apply our formalism similarly adsorption determined by the authors at low and high cover-

to Figures 4 and 5. For instance, on Au clusters, Meier &t al.

provide the isothermal evolution (10 adsorption temperatures)

of the IRAS band intensity of the dy» CO species under
adsorption equilibrium as a function of the adsorption partial
pressure (12 lowPco values). These data allow one to deduce
the evolution of the intensity of the IRAS band in isobar
conditions. We select the data in Figure 11 of ref 32 for the
0.125 MLE Au/TiO, sample because a constant IR band
intensity is observed fdPco > 0.32 Pa at the lower adsorption
temperature [, = 175 K), allowing one to consider that the
Aue sites are fully covered under those experimental conditions.
This provides theAy value needed to determine the coverage
of the ALf sites adsorbing the dye CO species. This leads to
curves® and v in Figure 4 for two CO partial pressures in
Figure 11 of ref 32: IMPco/Torr) = —6 (0.32 Pa) and-10

ages®®

These comparisons between the isosteric heats of adsorption
and the values obtained by using the mathematical formalism
involved in the AEIR procedure considering independent
experimental data (a) provide a very good support to the
adsorption model and the approximations involved in expres-
sions 2 and 3 and (b) show that the AEIR approach strongly
simplifies the experimental procedures (a single isobar can be
used: the fitting of two isobars such as in Figures 4a and 4b
with the sameEg andE; values reinforces the procedure). The
use of a single isobar for metal-supported catalysts is particularly
interesting for following the evolutions of the heats of adsorption
by changing, for instance, a specific parameter in the catalyst
preparation (natures of the precursors and of the support,
pretreatment procedure, dispersion). One of the interests of the

(5.9 x 102 Pa). Curves c and d are obtained from expressions determination ofE, = f(0) for the La,e CO species in

2 and 3 consideringso = 70 andE; = 41 kJ/mol. It can be

relationship with the performances of Au-containing solids in

observed that there is a very good agreement between experithe CO/Q reaction at low temperatures is that this parameter

mental data and theoretical curves for the two CO partial
pressures and that thi® andE; values are (a) very consistent
with those measured on the present 1% Auklé@talyst while
Pco andT, are strongly different in the two studieBdp < 0.5

Pa andT, in the range of 175265 K in ref 32 andPco > 1
kPa andT, in the range of 3086415 K in the present study)

participates in the coverage of the gold particles during the
reaction. The comparison of the heats of adsorption of fhe L
CO species on various Au-containing solids (single crystals,
model particles, and supported catalysts) shows that this
parameter is moderately affected by the mean gold particle
size: it can be roughly estimated that it is decreased-h$

and (b) in reasonable agreement with the isosteric heats ofkJ/mol between small and large particles (single crystal).

adsorptior??2 A similar comparison is performed using the IRAS
experimental data on Au(110) (see Figure 3 in ref 30 with 15
Ta and 8P¢o values). At the lower adsorption temperaturg,

= 100 K, the intensity of the IRAS band is roughly constant in
the range 2x 1075—4 x 1073 Pa, and this value is used Ag.
CurvesO anda in Figure 4 are obtained for tweco values in
Figure 3 of ref 30: InNPco/Torr) = —11.5 (1.3x 102 Pa) and
—16.1 (1.3 x 1075 Pa). Curves e and f that overlap the

Expressions 2 and 3 indicate that this modification decreases
the coverage of the A,- species by a factor 6£0.44 (coverage

on large particles/coverage on small particles) at 300 KPgey

= 1 kPa. Assuming that the turnover frequency (TOF) of the
CO/G;, reaction is proportional to this coverage, this shows that
a modification of the TOF with the particle size by a factor
significantly different must be related to the change of other
kinetic parameters (i.e., the oxygen coverage and the rate

experimental data are obtained considering expressions 2 andonstant of the LangmuitHinshelwood elementary step).

3 with Eg = 65 andE; = 32 kJ/mol that can be compared to 46

3.6. Comparison of the Heats of Adsorption of the ks

and 34 kJ/mol extrapolated from the isosteric heat f adsorption Species to Literature Data. Bolis et al*? have studied by
measurements (see Figure 5 in ref 30). The comparison with microcalorimetry the heats of adsorption of CO on T@wders

(39) Tripathi, A. K.; Kamble, V. S.; Gupta, N. Ml. Catal. 1999 187, 332—
342

(40) Gubta, N. M.; Tripathi, A. KJ. Catal.1999 187, 343—347.
(41) Derrouiche, S.; Bianchi, D.angmuir2004 20, 4489-4497.
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in parallel to the FTIR characterization of the adsorbed CO

(42) Bolis, V.; Fubini, B.; Garrone, E.; Morterra, @. Chem. Soc., Faraday
Trans.1989 85, 1383-1395.
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species. On a pure anatase sample dehydrated at 403 K, thethe experimental data. It must be noted that Sorescu and*Yates
observed a single IR band at 2184 dnfcorresponding to that  determine 46 kJ/mol at half coverage that is in good agreement
observed in the present study) ascribed to a linear CO speciesvith 45 kJ/mol determined in the present study. Finally, it
(denoted A). For a pretreatment in a vacuunTat 473 K, a appears that the AEIR procedure provides heat of adsorption
second IR band at 2203 crhis observed ascribed to a second values for the adsorption of CO on Ti@in the presence and
linear CO species (denoted B). The A and B species arein the absence of Auparticles) in reasonable agreement with
attributed? to the CO adsorption on T on terraces and steps, literature data on Ti@containing solids.

respectively (5 and 4 coordinated*T). The heat of adsorption
of the A CO species is 52 kJ/m#,in very good agreement
with the values used in Figure 5 for Ti@nd Au/TiQ, while The AEIR procedure has been applied to determine the
that of the B CO species is 69 kJ/mol. Moreover, the autfors  individual heats of adsorption at several coverages of the two
show that the isotherm dt = 303 K for the A CO species is  |inear CO species adsorbed on the°Znd Tit? sites (denoted
different from the Langmuir adsorption model. This observation |, and Lyi+s) of a reduced 1% Au/Ti@catalyst. The adsorbed

is consistent with the fact that we observed that&hslightly species are characterized by two IR bands at 2183 and 2110
varies with the coverage of theril.; CO species. Raup and  c¢cmfor the Lyi; and La,s CO species, respectively. The heats
Dumesi¢® have measured by a TPD procedure (assuming aof adsorption of the two species linearly vary with their
preexponential factor of 29s7?) the heats of adsorption of  respective coverages from 74 to 46 kJ/mol at coverages 0 and
CO on TiQ, (formed by oxidation of a Ti foil) as a function of 1, respectively, for h,- CO species and from 50 to 40 kJ/mol
the reduced state of the surface. They determine 49 kJ/mol ongt coverages 0 and 1 for theiks CO Species_ These values
the most reduced state in very good agreement with the presentre consistent with literature data on different’Aand TiG-
study and 44 kJ/mol for the most-oxidized surface. OnzTiO  containing solids. In particular, tH# values obtained according
(110), Linsebigler et &t* have determined by a TPD procedure to the present procedure for thet CO species are in good

a value of 42 kJ/mol at low coverages on the oxidized surface agreement with the isosteric heats of adsorption of CO on Au
with a decrease by 9 kJ/mol at a coverage of 0.68 ML. model particles on Ti@ It has been shown that the mathematical
Moreover, the CO binding energy was enhanced by 12% after formalism of the AEIR method can be applied to these
reduction of the surface by annealing at 900 K: 47 kJ/mol at experimental data, providing heat of adsorption values similar
low coverage that is consistent wite, = 50 kJ/mol in the  to those of the isosteric method. This constitutes a new support
present study. Bowker et & have measured the adsorption of  to the measurement of the heats of adsorption using the AEIR
CO on TiGy(110) in the presence of Pd nanoparticles by using method that strongly simplifies the experimental procedure as
a thermal molecular beam. The fitting of experimental data compared to the isosteric heats of adsorption.

according to a kinetic modeling provides 38 kJ/mol that is The adsorption of CO on 1% Au/Tionfirms the advan-
consistent withE; = 40 kJ/mol. Several theoretical calcula- tages of the AEIR procedure that provides the individual heats

tions'¢~48 of the heats of adsorption of CO on Ti@rovide of adsorption at several coverages of two adsorbed CO species
values in the range of 4678 kJ/mol that are consistent with  haying similar bending energies.

4. Conclusions
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